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Abstract

This report is organized into six chapters. It addresses coupling effects, an

analysis of the virtual array, single-user and multi-user time reversal UWB-MIMO

system performance, and a comparison with time reversal UWB-MISO. The central

topic of this report is to experimentally study the multiuser MIMO with time reversal

transmission. When transmitting to 10 users simultaneously in the system, it is found

that the interference is high and BER performance is poor, thus, MIMO multiple

access schemes such as zero-forcing at the transmitter must be considered.
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CHAPTER 1

INTRODUCTION

1.1 Motivation and Scope of Research

Wireless communication is one of the fastest growing segments of all communi-

cations. Ultra-wideband (UWB) technology has evolved rapidly in the last few years.

It allows low-power and low-cost implementation of communications systems which

overcomes other existing technologies. The UWB spectrum was recently legalized in

the US with a bandwidth of 7.5GHz, and thus, higher data rates compared to nar-

rowband systems. In 2002, the United States Federal Communication Commission

(FCC) allocated the 3.1 GHz to 10.6GHz spectrum for UWB devices. The great

features of UWB will allow a new range of applications including military, medical,

domestic, logistics, and security. The bandwidth of a UWB signal is in the range

of several GHz, therefore, the corresponding time resolution of the channel is in the

order of fractions of nanoseconds which allows to distinguish surfaces separated by

mere centimeters.

Time Reversal (TiR) is a technique in which the channel state information

(CSI) is used to pre-code the transmitted symbols with the time reversed version of

the channel impulse response (CIR). The receiver (Rx) first sounds the channel by

sending a pulse which the transmitter (Tx) will receive and use to calculate channel

information. A time-reversed version is used as a pre-coder to transmit the intended

data to the receiver. The signal propagates focusing both power and time at receiver.

As discussed in [10], the use of TiR for wireless communications over channels with

big scattering presents three advantages: (1) spatial focusing (when multiple antennas

1
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are present) which means that the power in the space domain peaks at the intended

receiver and decays rapidly away from it, this results in a very low co-channel inter-

ference for a multi-user system; (2) temporal focusing which means that the impulse

response of the channel at the receiver has a short effective length (in the time do-

main), reducing the requirement for sophisticated equalization; and (3) hardening

of the effective channel which means that the distribution function of the effective

channel impulse response is more stable resulting in a high diversity gain.

The use of TiR technique on UWB systems has been studied in many papers,

and it has been found that the rich scattering and multipath in UWB communication

systems can be used as an advantage with TiR to focus the signal sent at the intended

receiver. The use of UWB and TiR results in lower Inter Symbol Interference (ISI)

and less complexity at the receiver, which means a low-cost, low-power, high data

rate, and spatial-time focused system that looks promising for many applications.

Antenna array systems are used as a space diversity method in wireless com-

munications systems. As discussed in [27], multiple antennas have been used in the

reverse link of mobile communication systems to suppress or cancel interference and to

achieve transmit or receive diversity. Antenna array configurations inlude: (1) Single-

input single-output (SISO), (2) Multiple-input single-output (MISO), (3) Single-input

multiple-output (SIMO), and (4) Multiple-input multiple-output (MIMO). MIMO has

been shown to improve system performance and increase processing gain. The use

of MIMO in UWB wireless communications is known as UWB-MIMO and has been

recently addressed in the literature. Results show improvements over other systems

like UWB-SISO and UWB-MISO [27, 35].

The objective of this work is to study Time-Reversed UWB-MIMO for sensor

networking. The robustness of TiR for UWB-MIMO will be evaluated by performing
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measurement experiments and simulations. The advantages of UWB-MIMO over

UWB-MISO will be discussed as well. In UWB-MIMO, two antenna effects arise when

receive antennas are close to each other: Antenna mutual coupling and channel spatial

correlation. Mutual coupling between two close antennas degrades the performance

of a communication system and has been studied before for wireless communications.

Channel spatial correlation has been experienced in communication systems with

space diversity. These coupling effects for a TiR UWB-MIMO system have not been

well addressed yet and are the scope of this research. Therefore, the performance

of the system when the distance between two receive antennas is small (i.e. when

receive antennas experience mutual coupling and channel spatial correlation) will be

evaluated and discussed.

1.2 Basic Idea

Consider a total of K users. Each user has M transmit antennas1 and only one

receive antenna. There are P users simultaneously operating M × 1 MISO systems,

each one targeting a different user. For a SISO link with time reversal, it follows

for the target user that s(t) ∗ [hij(−t)∗ ∗ hij(t)], where hij(t) is the CIR between i-th

transmit antenna and j-th receive antenna, and s(t) is the transmitted symbol. For

the off-target user, the received signal has the incoherent form s(t)∗ [hij(−t)∗ ∗hik(t)],

where hik(t) denotes the CIR from the i-th transmit point to the k-th off-target

point. Note that the cross-correlation of the two CIRs,rather than the coherent auto-

correlation of the CIR for the target user, is involved. For the j-th user, j = 1, 2, .., K,

1Even only one antenna is available, i.e.,M = 1, the phenomenon in the following will still be
true.
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the received signal becomes

yj(t) = sj(t) ∗
[
M∑
i=1

hij(−t)∗ ∗ hij(t)
]

︸ ︷︷ ︸
Signal(j)=sj(t)∗heqj (t)

+
M∑
i=1

K∑
k=1;k 6=j

sj(t) ∗ [hij(−t)∗ ∗ hik(t)]︸ ︷︷ ︸
Interference(j)

+ nj(t)︸ ︷︷ ︸
Noise(j)

(1.1)

Link capacity and performance are expressed as a function of signal-to-interference-

plus-noise ratio (SINR) defined at the same time lag that reaches the peak of the

Signal(j)

SINRj =
|Signal(j)peak|2

|Interference(j)peak +Noise(j)peak|2
(1.2)

In (1.1), the received signal are not only coherently added up in the time

domain but also in the spatial domain (multiple antennas). Spatial focusing/selectiv-

ity and temporal compression are achieved at the same time by time-reversal. The

rich scattering environment, which makes the propagation channel of each link in-

dependent and unique, can provide the natural, quasi-orthogonal codes, hij(t) and

hik(t). These codes are useful in further separating the signals intended for differ-

ent users, thus minimizing the cross-correlation term in (1.1). Consequentially, the

data throughput can be further improved by taking advantage of the spatial diver-

sity focusing properties of the time-reversal array, using MISO and MIMO discussed

above.

Robustness to narrowband interference is essential to military communica-

tions. Time reversal serves as another level of protection from this problem. When
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narrowband interference is present, (1.1) is modified as

yj(t) = sj(t) ∗
[
M∑
i=1

hij(−t)∗ ∗ hij(t)
]

︸ ︷︷ ︸
Signal(j)=sj(t)∗heqj (t)

+
M∑
i=1

K∑
k=1;k 6=j

sj(t) ∗ [hij(−t)∗ ∗ hik(t)]︸ ︷︷ ︸
Interference(j)

+ Ij(t)︸ ︷︷ ︸
NB Interference(j)

(1.3)

Three mechanisms are exploited to achieve robustness in (1.1). First, short pulse or

spread spectrum can be used in sj(t). Precoding each transmit antenna by its CIRhij

serves for two functions: a generalization of time-domain, broadband beam forming

and spatio-temporal focusing. It appears that no research has been done from this

view. Analysis is necessary to establish the additional performance gain offered by

spatio-temporal focusing. The beauty is that the spatial separation from narrowband

interference is obtained without bandwidth spreading. From LPD/LPI point of view,

there is an incentive to use impulsive signals to maximize this spatial separation.

1.3 Literature Survey

UWB wireless communication has many advantages which include a low-cost

design, a large processing gain, and a fine time resolution. An overview of UWB

technology as well as transceiver design and challenges are presented in [43, 54].

The UWB channel is investigated in [39], and in [63] the robustness of the UWB

signal in an indoor environment is evaluated. Pulse distortion and degradation of

the signal-to-noise ratio in a UWB correlator receiver is addressed in [49, 41]. UWB

receiver design is of great interest due to the many challenges it faces, including

capturing multipath energy, supressing intersymbol interference, and the need of high-

sampling-rate analog-to-digital (ADC) converters. Rake receivers are studied in [19,

26] and autocorrelation demodulation (ACD) is addressed in [16]. A comparison of
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the transmit reference (TR) receiver and a math filter (MF) receiver is performed

in [21], and a study of non-coherent receivers can be found in [8]. A UWB testbed

system is discussed in [18] where challenges and considerations for UWB transceiver

design are presented.

Time-reversal (TiR) was first addressed in underwater acoustics [9, 22]. The

basic principles for TiR are presented in [11] and it is experimentally demonstrated

for a wireless communication system in [25]. The extension of TiR to broadband

wireless systems presents some advantages over channels with large delay spreads (i.e.

when large bandwith signals are used) [37]. A study of TiR on UWB communication

systems is presented in [10] and in [67] the feature of spatial focusing is demonstrated.

In [58], it is found that the number of taps in an MMSE equalizer can be reduced and

an improvement of performance can be obtained when using TiR. Some improvements

to TiR technique can be found in [65, 32].

Antenna diversity is being widely investigated for its potential improvement of

processing gain [29]. A study of capacity in underwater acoustics using MIMO sys-

tems is presented in [66]. Furthermore, the use of MIMO in wireless communications

improves capacity as presented in [33, 31]. Transmit diversity for wireless commu-

nications is addressed in [3]. An analysis of correlation, based on measurements of

a MIMO wireless system, is presented in [23], and the impact of correlation in the

performance of a MIMO system is discussed in [28]. The use of TiR and MIMO

for underwater acoustics is investigated in [20], where is demonstrated that the use

of antenna diversity improves the spatial focusing property of TiR, and a TiR-MISO

system can transmit with low probability of intercept(LPI). The extension of TiR and

antenna diversity to wireless communications allows high data rates as investigated

in [7] and improves bit-error-rate (BER) as discussed in [36].
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The use of antenna diversity in UWB communications improves the perfor-

mance of the system [62] even in the prescence of multi-user interference (MUI) [59].

An analysis of the error performance for a UWB-MIMO system is presented in [27]

where an analytical expression was derived for the error rate which can be used to

predict the performance of most pulse-based UWB-MIMO systems. A TiR UWB-

MISO and a UWB-MIMO system are discussed in [35]. It is shown that the use of a

multiple element antenna (MEA) system improves performance and is promising for

multi-user systems. Finally, power allocation when using TiR and transmit diversity

is addressed in [24].

1.4 Research Approach

Measurement and simulation experiments are the key approach of this work.

The UWB channel is measured using a time domain technique and the recorded sig-

nals are used for simulation experiments. The measurement equipment is integrated

with two channel modules that allows to measure two channel simultaneously. For

the MIMO system, two receive antennas are considered in which the distance ,D,

between them is varied. Thus, the measurement approach is to record the signal of

two receive antennas simultaneously when D is decreased and coupling effects are

experienced. Data is obtained for several distances D and is used for simulations.

From the data obtained, three research approaches are considered. The first

approach takes a closer look at both coupling effects when Tx and Rx are close (1m)

and the channel has a low influence on the received data. The signal at the targeted

receive antenna is analized when there is no other antenna present (i.e. without

coupling effects) and when another antenna is placed near by (i.e. with coupling

effects). The second approach investigates the validity of measuring a virtual array
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when the distance between two receive antennas is small. To achieve this, a real

array and a virtual array are measured. For both, the recorded data is compared and

used to evaluate the performance of a TiR UWB-SIMO system. The third approach

investigates TiR UWB-MIMO for a single-user system and a multi-user system. The

performance of both systems is evaluated when each user has two receive antennas and

the distance between these antennas is small. The data is obtained from measurement

experiments. The performance is evaluated using two metrics: bit-error-probability

(BER) and signal-to-interference-and-noise ratio (SINR). Furthermore, TiR UWB-

MISO is also evaluated and compared with TiR UWB-MIMO.

1.5 Organization of the Report

This report is organized into six chapters. Chapter 1 states the motivation

and scope of this research, presents a literature survey, and introduces the research

approach. Chapter 2 presents the concept and features of UWB wireless communi-

cations. It gives several applications for UWB technology and challenges that faces.

Chapter 3 introduces UWB channel measurements and channel modeling. Results for

measurement experiments are presented as well. Time-Reversal and antenna array

systems are presented in Chapter 4. It gives the background and theory behind the

simulations. Chapter 5 shows the results obtained from simulation experiments. It

addresses coupling effects, an analysis of the virtual array, single-user and multi-user

TiR UWB-MIMO system performance, and a comparison with TiR UWB-MISO. Fi-

nally, the main conclusions of this report and recommendations for future work are

presented in Chapter 6.
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1.6 Related to Other Work

This report is prepared at the same time as another final report [42].

Time reversal have been studied systematically for single users, e.g. [68]. This

report that is mainly based on the thesis of Martha Calderon (2007) [5], however,

deals with spatial focusing for multiple users. It will be found that, by exploiting

multipath [68] [48], time reversal, indeed, increases the anti-jamming capability of the

network by around 10 dB in a typical indoor environment. This is insufficient for some

applications. Several directions can be pursued. First, the non-coherent detection is

simple, but performs poorly for anti-jamming. Matched-filter based chirp UWB can

be combined with time reversal [46] to achieve better anti-jamming. Second, spatial

filtering is needed by using beam-forming using multiple antennas. Third, impulsive

waveforms need to be dynamically adapted to the spectrum, according to the sensed

environments. This is especially true to RF harsh environments such as confined

metal environment [46] and intra-vehicle [48].



CHAPTER 2

ULTRA-WIDEBAND COMMUNICATIONS

Ultra-wideband (UWB) communication is classified as a type of wireless com-

munication with very large fractional bandwidth. Its first applications were as UWB

radar systems for military purposes due to its penetration capabilities. Recently, other

applications like communications and consumer electronics have been considered for

UWB technology. UWB promises low power, low cost, high data rates, precise posi-

tioning capability and low interference. This chapter presents a brief history of UWB

communications. It then discusses the definition and features of UWB. Modulation

and demodulation techniques, as well as some UWB applications, are also stated. It

concludes with a brief description of the challenges ahead.

2.1 Historical Development of UWB

UWB communication is not a new technology, though only in 1989 the Depart-

ment of Defense created the nomenclature ultra-wideband to describe communications

via the transmission and recepcion of impulses. Marconi used it in 1901 to trans-

mit Morse Code sequences using spark gap radio transmitters [34]. The modern

era for UWB began in the early 1960s with the work done in time domain electro-

magnetics. The development of the sampling oscilloscope, by both Tektronix and

Hewelet-Packard, and the work on techniques to generate sub-nanosecond baseband

pulses contributed to the development of UWB technology.

From the 1960s to the 1990s, the applications of UWB communications were

mainly military (radar and highly secure communications). With the development

10
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of fast switching in semiconductors and the advancement in microprocessing, new

commercial applications have recently been proposed.

Robert Scholtz at the University of Southern California presented a multiple

access technique for UWB communication systems in 1993 [52]. This technique

made UWB capable of supporting wireless networks besides radar and point-to-point

communications.

In the late 1990s and early 2000s, a series of investigations were performed

on UWB propagation. Channel models were developed from measurements and a

variety of publications began to appear. The DARPA-funded Networking in Extreme

Environments (NETEX) project carried out experiments on indoor and outdoor UWB

propagation modeling, characterization of the response of building materials to UWB

impulses, and characterization of antenna response to UWB signals [52].

New applications like UWB wireless and personal area networks have been

proposed in which data rates range between Mbps and Gbps at distances of 1 to 10

meters [38]. In 2002, the Federal Communications Commission (FCC) approved the

use of UWB communications for commercial use, and in april 2003 the first FCC-

compliant UWB chipsets were announced by the Time Domain Corporation.

2.2 Concept and Features of UWB

As stated before, UWB communiations are categorized as communication sys-

tems with large fractional bandwidth which is defined as the ratio of the bandwidth

occupied by the signal to the center frequency of the signal and it is expressed by

Bf =
fH − fL
fC

(2.1)
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where

fH is the -10dB point upper frequency

fL is the -10dB point lower frequency

fC is the center frequency

The fractional bandwidth for traditional communication systems is in the order

of 0.01. The FCC defined UWB signals as those which have a fractional bandwidth

greater than 0.2 or a bandwidth greater than 500MHz. Figure 2.1 shows the com-

parison of fractional bandwidths between Narrowband and UWB communications

systems. UWB communication is based on impulse radio. Unlike classic communi-

cation systems in which a modulated sinusoidal carrier conveys the information, in

impulse radio, a series of baseband pulses are transmitted. The duration of the pulses

is in the order of nanoseconds, and thus, the transmit signal bandwidth is in the order

of Gigahertz. Also, due to the large bandwidth associated with UWB signals, the

power spectral density can be quite small. The FCC has imposed strict limitations

on UWB power spectral density in order to co-exist with current wireless technologies

Figure 2.1 Fractional bandwidth comparison
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like spread spectrum and narrowband. Figure 2.2 shows the spectral mask for indoor

and outdoor operations.

The features of UWB include:

1. Large instantaneous bandwidth enables fine time resolution (and thus lo-

cation capabilities) and higher data rates compared with Narrowband sys-

tems.

2. Short duration pulses help to resolve the various paths of propagation and

hence provide robust performance in dense multipath environments.

3. Low power spectral density results in Low Probability of Intercept (LPI)

and hence allows coexistence with other users.

4. Power spectral density and multipath performance can be traded for data

rate.

5. Simple implementation results in low-cost digital design.

Figure 2.3 shows the allocation of spectrum for wireless communication tech-

nologies. UWB communication is allowed between 3.1GHz and 10.6GHz with a

maximum power spectral density of -41dBm/MHz.

2.3 UWB Signals

The signal for UWB communication consists of a series of pulses of short

duration that carry the information. These sub-nanosecond pulses travel through the

channel and can be represented at the receiver as

s(t) =
∞∑

i=−∞
Ai(t)p(t− iTf ) (2.2)
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Figure 2.2 Power spectral mask for indoor and outdoor UWB operation

where Ai(t) is the amplitude of the pulse equal to ±
√
Ep, and Ep is the energy per

pulse. p(t) is the received pulse shape (with the same shape as the sent pulse) having

normalized energy, and Tf is the frame repetition time. Equation 2.2 assumes that

the pulse is not distorted by the channel and that the Signal-to-Noise Ratio (SNR) is

infinite (i.e. a noiseless channel). In reality, this is not the case since the pulse shape

is distorted by transmit and receive antennas, as well as by the channel which will

also introduce noise to the received signal.

The popular pulse shapes used for UWB communication include the Gaussian

pulse and its derivatives. Analytically, the Gaussian pulse can be expressed as

p(t) =
1√

2πσ2
e−(t−µ)2/2σ2

(2.3)
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Figure 2.3 FCC ruling for wireless communications

where σ is the standard deviation of the Gaussian pulse in seconds, and µ is the

location in time for the midpoint of the Gaussian pulse in seconds. The pulse width

is related to the standard deviation as τp = 2πσ [52]. Figure 2.4 shows a Gaussian

pulse for different σ, and their spectral components.

The first and second derivatives of the Gaussian pulse, also called the Gaussian

monocycle and Gaussian Doublet respectively, can be used as pulse shapes for UWB

systems. Figure 2.5 shows several gaussian monocycles and gaussian doublets for

different pulse widths. An important characteristic of the gaussian, monocycle and

doublet waveforms is that they are almost uniformily distributed over their frequency

spectrum, therefore, are noise-like. A noise-like signal results in LPI which is desired

for secure applications.

For commercial systems, the Gaussian modulated sinusoidal pulse is a more

practical approach since the frequency band (3.1-10.6GHz) allocated by the FCC

for UWB communications suggests a bandpass signal. Also, this pulse shape allows

multi-band modulation, in which multiple frequency bands are used to efficiently

occupy the UWB spectrum. Multiple UWB signals can be transmitted at the same
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(a) (b)

Figure 2.4 Gaussian pulse: (a) in time domain and (b) in frequency domain

time and will not interfere with each other since their frequencies are different. The

Gaussian modulated sinusoidal pulse is plotted in Figure 2.6 and can be expressed by

p(t) =

(
8k

π

) 1
4 1√

1 + e
2π2f2c
k

e−(kt)2 cos 2πfct (2.4)

where fc is the desired center frequency of the pulse and k is a constant that deter-

mines the pulse width.

(a) (b)

Figure 2.5 Other pulses: (a) Gaussian monocycle, and (b) Gaussian doublet
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Figure 2.6 Gaussian sinusoid for UWB commercial use

2.4 UWB Modulation Techniques

Time-modulated ultra-wideband (TM-UWB) communication is based on dis-

continuous emission of very short pulses which corresponds to a baseband signal

approach [38]. Processing gain could be achieved by sending N monocycles per

symbol. A generalized transmitter structure is shown in Figure 2.7. Types of data

modulation considered for UWB include Pulse Position Modulation (PPM), Pulse

Amplitude Modulation (PAM), and On-Off Keying (OOK).

The delay spread is a metric of how much a signal is diluted in time. For

a UWB multipath channel, the delay spread is usually described by its root mean

square (rms) value. The rms delay spread is the standard deviation value of the delay

of reflections, weighted proportional to the energy in the reflected waves [14]. No
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Figure 2.7 A general UWB transmitter block diagram [14]

inter symbol interference (ISI) is present if the time between pulses is greater than

the rms delay spread (i.e. ten times greater).

2.4.1 Pulse Amplitude Modulation (PAM)

In pulse amplitude modulation the information is conveyed in the amplitude

of the pulses. A typical binary PAM modulation can be achieved using two antipodal

Gaussian pulses as shown in Figure 2.8. The expression for the modulated information

is given by

x(t) = dj · wtr(t) (2.5)

where wtr(t) is the UWB pulse waveform, j represents the bit to be transmitted (i.e.

for binary ’0’ or ’1’), and

dj =


−1, j = 0

1, j = 1
(2.6)
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Figure 2.8 Binary PAM modulation

2.4.2 On-Off Keying (OOK)

As the name states, binary OOK modulation is achieved by sending or not

sending a signal. Its signal can be represented as a PAM modulation signal in Equa-

tion 2.5, but now dj has values

dj =


0, j = 0

1, j = 1
(2.7)

where j is the bit to be transmitted.



20

2.4.3 Pulse Position Modulation (PPM)

Pulse position modulation is widely use in UWB communications. As the

name implies, the information is conveyed in the position of the pulse. In binary

PPM, a pulse originated at time instant 0 is used to represent a binary ’0’, while a

pulse shifted in time by δ would represent a binary ’1’. The drawback for PPM is

that a longer bit period is required. The expression for a PPM modulated signal is

given by:

x(t) = wtr(t− δdj) (2.8)

where dj can be defined as

dj =


0, j = 0

1, j = 1
(2.9)

and the value of δ can be chossen according to the autocorrelation characteristics of

the pulse [38]. Figure 2.9 shows the PPM pulses for binary modulation.

Figure 2.9 Binary PPM modulation



21

2.4.4 Transmitted-Reference (TR) Modulation

Transmitted-reference modulation is being introduced to UWB communica-

tions because of its robust performance in multipath environments, its simplicity,

and not requiring a stringent synchronization for conventional pulse-detection tech-

niques [34]. In this type of modulation a set of two pulses separated by a distance

D are sent. The first pulse is a reference pulse which does not carry any information.

The second pulse is the data pulse known as the ’transmit pulse’. The data is mod-

ulated based on the relative polarity of the reference and the transmit pulse. Figure

2.10 shows a TR modulation of data bit ’1’ and ’0’.

2.5 UWB Demodulation and Detection

The UWB signal experiences shadowing effects caused by obstacles between

the transmitter and receiver which attenuate the signal power through absorption,

reflection, scattering , and diffraction [15]. A good receiver is that in which the infor-

mation conveyed in the received signal is demodulated and detected with a minimum

Figure 2.10 Transmitted-reference pulse modulation: (a) Symbol for data bit ’1’.
(b) Symbol for data bit ’0’.
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Figure 2.11 A general UWB receiver block diagram [14]

number of errors. Thus, a performance metric for designating a UWB receiver is the

Bit Error Probability (BER).

There are two main parts in a receiver: detection and decision. UWB detectors

are different from those used for narrowband signals since they operate in a carrier-

less fashion [2]. There are a variety of UWB receiver designs including the correlator

(match filter) receiver and the RAKE receiver. Other non-coherent detection schemes

are becoming attractive for the simplicity in their implementation and low cost. New

techniques like Time-Reversal (TiR) at the transmitter result in receiver design which

are less complex without the cost of high performance degradation. A general diagram

for a UWB receiver is presented in Figure 2.11.

2.5.1 Correlation Detection (CD) Receiver

The correlator receiver, also called matched filter receiver, is a simple and op-

timal method for detecting a signal in random noise and it is based on the correlation

process [34]. It has been used for narrowband communication systems for many years

and it can provide optimum detection. A block diagram of a correlation receiver is

shown in Figure 2.12.
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Figure 2.12 Correlator receiver diagram

The input signal is multiplied by a template waveform which identifies how

well the template waveform matches the input waveform in time and space [52].

Optimum detection is achieved when the template waveform exactly matches the

input waveform.

For an Additive White Gaussian Noise (AWGN) channel, the received signal

can be modeled by

r(t) = s(t) + n(t) (2.10)

where r(t) is the received waveform, s(t) corresponds to the transmitted waveform and

n(t) is white Gaussian noise with mean of zero and power spectral density of No/2.

The optimum BER curve as a function of the signal to noise ratio can be calculated for

antipodal PAM (A-PAM), OOK, and PPM modulation using the Euclidean distance

dmin between the two symbols in the signal space [15].

Pb = Q


√
d2
min

2No

 (2.11)



24

Equation 2.11, presents the analytical formula to calculate the probability of bit

error for binary detection in an AWGN channel. The distance dmin depends on the

modulation scheme and is given by:

dmin =
√

2Es for orthogonal signaling

dmin = 2
√
Es for antipodal signaling

where Es is the average Energy per symbol and Q() is the Q function which is defined

as the probability that a Gaussian random variable x with mean 0 and variance 1 is

bigger than z:

Q(x) = p(x > z) =
∫ ∞
z

1√
2π
e−x

2/2dx (2.12)

Figure 2.13 shows the BER curves for antipodal and orthogonal signaling. It

may be noted that PPM and OOK are orthogonal modulation schemes and A-PAM

is antipodal modulation with a 3dB improvement over OOK and PPM.

2.5.2 RAKE receiver

The RAKE receiver is used in any kind of spread spectrum communication

system to accumulate the energy in the significant multipath components [52]. It

consists of a bank of correlators located in different fingers. Each finger is synchronized

to a multipath component of the received signal and the output of each finger is

coherently combined using maximum ratio combining (MRC).

There are two drawbacks for UWB RAKE receivers. First, the number of

multipath components in a UWB signal in a non-line-of-sight (NLOS) scenario is

approximately 70 and thus a great number of fingers would be needed for a RAKE re-

ceiver to capture as much energy as possible. Second, each multipath travels through
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Figure 2.13 Performance of optimum correlator receiver for antipodal and
orthogonal signaling

a different channel and experiments different pulse distortion which makes the use

of a single line-of-sight (LOS) pulse, a sub-optimal template [52]. Synchronization

and channel estimation are critical for RAKE receivers. Sub-nanosecond pulses make

synchronization a major problem and performance degradation is observed due to

imperfect channel estimates.

2.5.3 Non-coherent (Sub-optimal) Receivers

The complexity of receivers presented in previous sections and the advances in

modulation schemes have given the opportunity to design sub-optimal receivers also

known as non-coherent receivers. Research on non-coherent detection can be found

in [6] and [8]. In this section two threshold detection receivers are presented.



26

Threshold detectors are also known as leading edge detection (LED) receivers

and are a simple type of UWB receivers [52]. As the name states, this type of

receivers are based on a threshold value. Any incoming pulse that passes the threshold

value is detected and demodulated. A mayor drawback for this kind of receivers is

that noise spikes which happen to cross the threshold value are erroneously detected.

These pulses are called false alarm or false detection. To minimize false detections, an

adaptive receiver can be implemented in which the threshold value changes depending

on the input noise signal.

2.5.3.1 Amplitude Detection. Amplitude Detectors are based on the

amplitude of the incoming signal. A block diagram of a simple amplitude detector

is shown in Figure 2.14. The receiver consists of an integration block and a decision

block. This receiver is capable of acquiring a single pulse, but cannot take advantage

of collecting energy from multipath components, as well as being very sensitive to

noise and interference.

Figure 2.14 Amplitude threshold receiver block diagram
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2.5.3.2 Energy Detection. Energy detectors are another type of non-

coherent receivers. Figure 2.15 presents the block diagram for an energy detector.

The first part consists of the energy calculation which is performed by squaring the

input signal. The second part consists of an integration block. The ouput of the

integrator goes to the decision block in which the value is compared to a threshold

value and the output is the demodulated data bit.

2.6 Multiple Access Techniques for UWB

UWB communication is attractive for short-range and high data rate applica-

tions. Multiple users in a particular UWB covered area should be able to coexist. To

achieve this, the need for multiple access techniques is essential to perform chanal-

ization between users.

In a multiple access communication system, several users transmit information

simultaneously over a shared channel [34]. The received signal at one user is the

superposition of the intended signal, multiple access interference (MAI) and channel

noise. MAI is given by the cross-correlation of unwanted user’s signals on the intended

Figure 2.15 Energy threshold receiver block diagram
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signal caused by partial overlap. A multi-user receiver must be capable of extracting

the desired user signal from the received signal using proper demodulation techniques.

As stated by Nekoogar [34], the deteriorating effect of MAI is more severe in

UWB systems due to their strict transmit power limitation. Thus, multiple access

techniques must be used to obtain better system performance in multi-user scenarios.

The two techniques for mulitple access in UWB systems are Time Hopping (TH-

UWB) and Direct Sequence (DS-UWB). Both TH-UWB and DS-UWB are based on

spreading in which a randomizing technique is applied to modulate the signal intended

for each user.

2.6.1 Time Hopping UWB

In TH-UWB, unique time hopping codes are used to position each of the UWB

pulses within a given time frame of a particular bit. Using PPM as the modulation

technique, a time frame, Tf , is divided into chips of duration Tc. Each data bit is

represented by a shifted pulse using a pseudorandom (PR) code in each time frame.

A general signal model for PPM TH-UWB in a multiple access channel can be given

by

s(t) =
N∑
n=1

M∑
m=1

P
(
t−mTf − c(n)

m Tc − b(n)
m δ

)
(2.13)

where

c(n)
m is the code word of the time hopping sequence for the data of an intended user

Tc is the chip duration

δ is the modulation index providing unique time shift to represent digital bits

N is the maximum number of users
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M is the maximum number of transmitted bits

P (t) is the UWB pulse

bm ∈ [0, 1] is the mth data bit

and T is the pulse repetition period.

2.6.2 Direct Sequence UWB

DS-UWB is similar to CDMA in which a different spreading code is assigned

to each user. In this case, the pulse waveform is the chip in DS. For PAM and OOK,

the information signal s(t) for the mth user can be presented as

s(t) =
∞∑

k=−∞

N−1∑
j=0

w (t− kTd − jTc) (cp)
(m)
j d

(m)
k (2.14)

where

dk is the kth data bit

(cp)j is the jth chip of the pseudo random code

w(t) is the pulse waveform

N is the number of pulses to be used per data bit

Tc is the chip length

and the pseudo random code is bipolar assuming values [-1,+1], and the bit lenght is

Td = NTc = NTp.
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2.7 Applications for UWB

UWB has become very popular for its penetration capabilities, low cost design,

low probability of intercept, precise time resolution and high data rates. Some appli-

cations include UWB radar, positioning, logistics, sensor networks, search-and-rescue,

medical imaging and consumer electronics. Table 2.1 show various applications for

UWB signals.

Table 2.1 Some UWB applications in military and commercial sectors [34]

Application Military/Govmnt Commercial
Data Communications Secure LPI/D Communi-

cations
Covert wireless sensor
networks
(battlefield operations)

Local and personal area
networks
Wireless streaming video
distribution (home net-
working)
Wireless sensor networks
(health and habitat moni-
toring, home automation)

Radar Through-wall imag-
ing (law enforcement,
firefighters)
Ground-penetrating
radar (rescue operations)
Surveillance and monitor-
ing

Medical imaging (remote
heart monitoring)
Ground penetrating (de-
tection of wires, studs,
etc.)
Automotive industry (col-
lision avoidance, roadside
assistance)
Home security (proximity
detectors)

Localization Personnel identification
Lost children
Prisoner tracking

Inventory tracking
Tagging and identification
Asset management
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2.7.1 Positioning

UWB is an ideal candidate for positioning an object in space due to its very

short time-domain pulses. Using the time of arrival of a pulse traveling from the source

to a receiver, an estimate of the traveled distance can be obtained [13]. Combining

several receivers, a simple triangulation technique can solve the position of the source

[38]. The bandwidth of UWB is in the order of GHz, which represents a resolution in

the order of 133 picoseconds. This small resolution can achieve centimeter accuracy in

positioning compared to resolutions of nanoseconds provided by narrower bandwidth

signals. Positioning location with UWB is very attractive for many indoor situations

(i.e. fire fighters in search-and-rescue applications).

2.7.2 Sensor Networks

Sensors are being used today in many applications like homes, automobiles,

industry, medical situations, etc. Using wires to configure sensor networks is costly

and tedious. UWB signals as sensors can reduce the cost of installation and mainte-

nance of a sensor network. For its noise-like type of signal, UWB can achieve security

improvements and low interference as well.

2.7.3 UWB Radar

UWB signals enables inexpensive high definition radar [57] since UWB systems

have a low cost and time resolution for UWB communications achieves detection of

objects separated by mere centimeters. Radar applications range from military and

government to commercial situations (i.e. medical imaging or home security). The
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advantage of through-wall motion detection makes UWB a great candidate for Radar.

The capability of ground penetration is also an attractive feature of UWB Radars

used for geophysical location and civil engineering applications.

2.8 Challenges ahead

There are many challenges for UWB communications due to the use of sub-

nanosecond pulses for data transmission. Some challenges ahead are pulse-shape

distortion, channel estimation, synchronization and multiple-access interference.

The transmission channel distorts UWB pulses significantly. This limits the

performance of UWB receivers since the predefined template does not match the

received pulse shape. Distortion on the pulse shape is also suffered if antennas are

close to each other in systems with more than one receive antenna (multiple antenna

arrays). Channel estimation is another important challenge of UWB communications

and it is related to pulse distortion since the channel distorts the transmitted pulse.

It is critical for a receiver design since training sequences are needed to estimate the

channel and obtain a predefined template signal.

Synchronization, a key element on UWB receiver design, is a major challenge.

Difficulty in sampling and synchronizing nano-second pulses limits the performance of

UWB systems. The need for very fast analog-to-digital converters (ADC’s) to sample

these short duration pulses is critical. Timing errors such as jitter and drift also arise

due to power limitations and short pulses which become a major problem for PPM

modulation receivers [34]. A chirp UWB system—accepted into IEEE 802.15.4a in

December 2006—uses a pair matched-filtering of SAW (surface acoustic wave) devices

to greatly reduce the requirement for synchronization [46].
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A multiple access system is formed of several users or devices that send and

receive information over the same transmission medium. Receivers should be able

to detect the information intended for each user in a medium where multiple access

interference (MAI) is present. MAI limits channel capacity and performance of UWB

receivers. Compared to narrowband systems, UWB’s low power makes detection of

the received information more challenging.

Narrowband interference is a big issue for co-existence of UWB systems with

narrowband systems. Chirp UWB, again, is a good solution [56].

Range extension needs consideration for a class of sensor network applications.

2.9 Summary

In this chapter the fundamentals and advantages of UWB communication were

presented. It was shown that UWB communication is based on impulse radio (IR)

and the typical pulse shapes used were presented along with their spectra. At the

transmitter, modulation schemes were discussed; and at the receiver, detection and

demodulation of the received information was presented. It was shown that the

optimum receiver consists of a correlator receiver with a template that matches the

received waveform (match filter receiver). For this optimum receiver, the BER curve

shows that antipodal PAM has a 3dB performance improvement over orthogonal PPM

and OOK signaling. Typical multiple access techniques to overcome MAI (TH-UWB

and DS-UWB) were discussed. Finally, applications and challenges for UWB were

presented.
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UWB CHANNEL MEASUREMENTS AND MODELING

A channel is the propagation environment (or medium) in which a signal travels

from transmitter to receiver. A feature of the UWB channel is its rich multipath

profile which has a significant time resolution and very low power per multipath

component. Also, the UWB channel is quasi-static which means that the coherent

time of the channel is very large. This is a relevant feature since the transmitter can

take full advantage of the CIR or channel state information (CSI), and thus, perfect

channel estimation is realistic. UWB channel modeling has been an area of research

in recent years due to the promising applications for UWB. To characterize and model

the UWB channel, measurements are needed. Various measurement campaigns have

been performed in the literature and several channel models for the UWB propagation

have been proposed.

In this chapter, two techniques used to measure a UWB channel are presented.

The simulation experiments in this thesis are based on measurements performed at

indoor and outdoor environments during which the channel information is obtained.

The creation of a control system for efficiency and reliability of the measurement

process is also explained. It concludes with a brief description of UWB channel

modeling and examples of common UWB channel models in the literature.

3.1 Measurement Techniques

UWB channel measurements are performed by sounding the channel. There

are two approaches to sound the UWB channel: frequency domain (FD) technique

and time domain (TD) technique. In the first, a frequency sweeping techinque is used.

34
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While the second technique uses channel sounders based on impulse transmission or

direct sequence spread spectrum (DSSS) signaling. Theoretically, the same result will

be obtained from both techniques if there is a static environment and an unlimited

bandwidth [38].

3.1.1 Frequency Domain Measurement

The FD channel sounding is performed by sweeping a set of narrowband si-

nusoid signals through a wide frequency band. The channel frequency response is

then recorded using a Vector Network Analyzer (VNA). Figure 3.1 shows a VNA

displaying a typical channel measurement. The advantage of the FD measurement

technique is its larger dynamic range which improves the measurement precision. The

channel impulse response (CIR), which yields the required information to characterize

the UWB channel, is obtained by using the inverse Fourier transform (IFT) of the

recorded signal. Therefore, a disadvantage of the FD approach is the need of extra

signal processing.

The diagram for the measurement setup of an UWB channel using a VNA is

shown in Figure 3.2. Both magnitude and phase are measured directly. To measure

the complex frequency domain transfer function, a S21-parameter measurement is

performed where the device under test (DUT) is the UWB channel. A limitation of

the frequency domain channel sounding is the need of a static environment through

out the measurement.
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Figure 3.1 Vector Network Analyzer for FD channel sounding

3.1.2 Time Domain Measurement

For the TD approach, the channel is sounded by sending a series of narrow

pulses and measuring the received waveform using a Digital Sampling Oscilloscope

(DSO). The channel impulse response (CIR) can then be obtained from the recorded

signal using a deconvolution method. Unlike the FD approach, the TD technique can

support non-stationary channels. The bandwidth of the sounder will depend on the

shape and width of the transmitted pulse.

A diagram of the time domain measurement setup for UWB channel charac-

terization is presented in Figure 3.3. The setup consists of a pulse generator, transmit

and receive antennas, a triggering signal generator, and the DSO. Figure 3.4 shows a

Digital Sampling Oscilloscope for UWB channel sounding. Measurements using the
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TD approach are susceptible to wideband noise. By averaging multiple acquisitions

this type of noise can be reduced significantly [52].

UWB channel measurements were carried out in this work to conduct simula-

tion experiments. All measurements are performed using the TD approach since all

signal processing is performed in the time domain. Aditionally, two channel modules

in the DSO allow to measure the channel on two close coupled antennas simultane-

ously.

3.2 Deconvolution Techniques

Deconvolution is the inverse operation of convolution. It is used to separate

two signals that have been combined by convolution [2]. In a measurement, the

recorded signal is the result of the convolution of the transmitted pulse with the

impulse response of the channel

y(t) = p(t)⊗ h(t) (3.1)

Figure 3.2 FD measurement setup block diagram
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where y(t) is the recorded signal, p(t) is the transmitted pulse, and h(t) is the CIR.

Since the pulse is not an impulse (p(t) 6= δ(t)), a deconvolution technique must be

applied to extract the CIR. Deconvolution can be performed in frequency domain or

in time domain. A number of deconvolution techniques have been proposed in the

literature [53].

Inverse filtering is a typical method used in frequency domain. Convolution in

the time domain is mapped as multiplication in the frequency domain and then from

Equation 3.1 it follows that

Y (f) = P (f)H(f) (3.2)

where Y (f), P (f), and H(f) are the Fourier transform of y(t), p(t), and h(t) respec-

tively. Then to obtain the channel impulse response a simple division followed by

inverse Fourier transform can be performed.

Other deconvolution techniques can be performed in the time domain. Ex-

amples include the Van-Cittert deconvolution and the CLEAN algorithm [30]. The

CLEAN algorithm is a common method for obtaining the CIR of UWB TD channel

measurements. The CLEAN algorithm uses match filtering to find the strength and

Figure 3.3 TD measurement setup block diagram
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Figure 3.4 Digital Sampling Oscilloscope for TD channel sounding

delay of individual multipath components [52]. In this work time domain measure-

ments and simulations make the CLEAN algorithm more suitable for obtaining the

CIR.

3.2.1 CLEAN Algorithm

The CLEAN algorithm is often preferred as a deconvolution method because

of its ability to produce a discrete CIR in the time domain. It is consistent with the

channel models that consider the UWB channel as a series of impulses. A waveform

template is needed for this deconvolution technique which is obtained by performing

a line-of-sight (LOS) measurement where the distance between the transmitter and
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receiver is 1m. Figure 3.5 shows the waveform template used in this thesis to obtain

the CIR from measurement results.

If s(t) is the waveform template, y(t) is the received waveform, and h(t) = 0

as an initial value; the steps involved in the CLEAN algorithm to find the CIR h(t)

are [52, 61]

1. The autocorrelation of the template rss(t) and the cross-correlation of the

template and the received waveform rsy(t) are calculated as follows

rss(t) =
∫ ∞
−∞

s(τ)x(t− τ)dτ (3.3)

rsy(t) =
∫ ∞
−∞

s(τ)y(t− τ)dτ (3.4)

Figure 3.5 Template waveform required for deconvolution using CLEAN algorithm
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2. The largest correlation peak in rsy(t) is found and the normalized ampli-

tudes αk and the relative time delay τk of the correlation peak are recorded

|αk(τk)| = max |rsy(t)| (3.5)

3. The CIR is constructed as follows

h(t) = h(t) + αkδ(t− τk) (3.6)

4. Then, rss(t) scaled by αk is subtracted from rsy(t) at the time delay τk

rsy(τ) = rsy(τ)− αkrss(τk) (3.7)

5. If the peak correlation in rsy(t) is less than a set minimum threshold value

(-15dB in this thesis) the algorithm stops, if not the algorithm continues at

step 2.

3.2.1.1 Limitations of the CLEAN Algorithm. Since the CLEAN

algorithm uses a match filtered signal to evaluate the strength and arrival time of

the multipath components, unresolvable paths affect the match filter output and

thus the output will not give the true CIR. Also, if the pulses at the receiver side

are significantly distorted, the CLEAN algorithm may generate spurious taps that

are not physically linked to multipath components, but rather represent distortions.

When different paths are associated with different pulse shapes the use of one LOS

template would not yield a good estimate of the CIR [30].
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To evaluate how accurate the output generated by the CLEAN algorithm is

compared to the true CIR, the energy capture ratio and relative error can be cal-

culated [30]. The calculated CIR is convolved with the LOS template to create an

estimate of the received signal rest. The energy of this estimate is divided by the

energy in the measured signal rmeas as follows

Energy Capture Ratio =
‖rest‖2

‖rmeas‖2
(3.8)

and the difference between the estimate and the measured signal is defined by

Relative Error =
‖rmeas − rest‖2

‖rmeas‖2
(3.9)

3.3 Measurement Results

Antenna coupling and channel spatial correlation are two effects of antennas

located close to each other that interact and distort the received signal. These two ef-

fects cannot be separated from each other, and therefore, must be measured together.

Antenna coupling refers to the near-field effect an antenna has on the performance of

another nearby antenna. Channel spatial correlation deals with the correlation of the

received signals for two closely located antennas. The objective of the experimental

measurements in this work is to evaluate these effects on UWB wireless systems with

two receiver antennas that are located near each other. Therefore, the experiments

performed deal with measuring two channels simultaneously as the distance between

two receive antennas decreases. Since this work focuses on antenna coupling and chan-

nel spatial correlation, the term coupling effects will refer to these two mechanisms

from now on.



43

The UWB channel is measured using the TD technique. The equipment setup

used is similar to the one explained in Section 3.1.2, but now two receive antennas

are considered. In this work, the two channels are measured simultaneously as shown

in the system’s block diagram presented in Figure 3.6.

The equipment at the transmitter side consists of a UWB pulser which gener-

ates a Gaussian pulse with a width of 250ps, a function generator (Agilent 33220A)

which is used for triggering the pulser and as a synchronization signal, and the trans-

mit antenna as presented in Figure 3.7. Other type of pulses (gaussian monocycle or

doublet) can be obtained by using a differentiator at the pulser output.

At the receiver side, the equipment consists of a DSO (TDS8000E3) from

Tektronix with a bandwidth of up to 20GHz which is set to record two channels

and is triggered by the synchronization signal coming from the function generator.

The Notebook PC serves as the control system for the DSO and communicates using

a GPIB-USB cable. Two receiver antennas are used for each receiver location as

presented in Figure 3.8.

To ensure safety on the DSO, attenuation pads are placed on several parts

of the system. All antennas are omni-directional, linear in polarization, and span

Figure 3.6 Block diagram for TD measurement of two channels simultaneously



44

Figure 3.7 Transmitter equipment setup for TD measurements

a bandwidth of 0.824-2.4GHz with a feed impedance of 50 ohms. To obtain the

best received signal energy [2], each antenna is set with an angle of 0 degrees with the

vertical and the distance of all antennas from the ground is 1.35m for all experiments.

To record the signal in each channel, a series of files are manually saved in the

DSO. This process is tedious and inacurate when two channels have to be measured

at the same time. A control system was implemented to overcome this problem and

is explained in Section 3.3.1.
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Figure 3.8 Receiver equipment setup for TD measurements

3.3.1 Measurement Control System

The control system was developed by the author using a communication link

between the DSO and a Notebook PC. The communication is achieved using National

Instrument’s Labview Software. A user interface was created at the Notebook PC

to control many features of the DSO and obtain measurements on two channels with

more accuracy. Some features and capabilities of this control system are:

1. Save all required files in the shortest amount of time

2. Backing up files at the Notebook PC

3. Post-process the signal inmideately after acquisition

4. Record several channels simultaneously

5. Record a signal for a long period of time
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6. Precise measurement by stepping farther away from the equipment (to not

disturb the channel measurement) using long cables.

Figure 3.9 shows the Labview user interface on the Notebook PC and a typical UWB

channel measurement. The communication between the two devices is performed

using the GPIB protocol in the DSO and USB protocol at the Notebook PC.

3.3.2 Antenna Coupling and Channel Spatial Correlation

To understand the effects of antenna coupling and channel spatial correlation,

outdoor and indoor measurements are performed. In an outdoor environment scat-

terers are not present, therefore, the channel is multipath free and the recorded signal

contains only the waveform distortion caused by the coupling effects. In an indoor

Figure 3.9 Typical measurement at Notebook PC using Labview Interface to
control DSO
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environment, the channel profile contains multipath components and the received

signal experiences distortion.

3.3.2.1 Outdoor measurement. The purpose of this experiment is to

obtain the antenna impulse response and visualize the distortion of the received pulse

having two antennas near each other. Figure 3.10 shows the measurement setup

for this experiment. Transmitter and receiver antennas are omni-direccional and are

1.35m above the ground. The goal is to record the signal at different distances, D,

between two receiver antennas and compare the obtained waveform with the case

where only one receiver antenna is present.

This experiment consists of a UWB LOS link where the distance between the

transmitter and the receiver is 1m. The first measurement consists of recording the

signal at receiver antenna 1 (Rx1) without the presence of receiver antenna 2 (Rx2)

and it is presented in Figure 3.11.

The following measurements are carried out with Rx2 present. The distance

D is varied from 3cm to 15cm in 3cm steps. For comparison, a measurement at

D = 30cm is also performed where the distance is big and antenna effects are small.

The waveforms obtained for D = 3cm and D = 30cm at Rx1 are shown in Figure 3.12

and 3.13 respectively. Figure 3.14 and 3.15 display the recorded signals at Rx2 for

D = 3cm and D = 30cm where the signal is stronger in amplitude due to antenna

gain. Measurement results are processed to obtain the antenna impulse response and

evaluate pulse distortion. These results are presented in Chapter 5.

3.3.2.2 Indoor measurement. The purpose of this experiment is to vi-

sualize pulse distortion and coupling effects on the multipath components of the

recorded signal in an indoor environment. Figure 3.16 shows the office environment

in which the experiment is performed.
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Figure 3.10 Outdoor measurement setup and location

In this experiment, one transmit antenna (Tx1) and two receive antennas (Rx1

and Rx2) are present and the distance between transmitter and receiver is 1m in a

LOS link. Figure 3.17 show the recorded signal when only Rx1 is present, thus,

no distortion due to coupling effects is observed and this waveform can be used for

comparison. Figure 3.18 shows the recorded signal at Rx1 when Rx2 is present and

the distance D, between them is 3cm (D = 3cm). Figure 3.19 shows the recorded

signal at Rx1 when D = 30cm. It is observed how the received signal is distorted and

the signal is smaller in amplitude when the distance between Rx1 and Rx2 decreases.
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Figure 3.11 Recorded signal for Rx1 alone

Figure 3.12 Recorded signal at Rx1 for D = 3cm
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Figure 3.13 Recorded signal at Rx1 for D = 30cm

Figure 3.14 Recorded signal at Rx2 for D = 3cm
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Figure 3.15 Recorded signal at Rx2 for D = 30cm

Figure 3.16 Office environment in CH-403
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Figure 3.17 Recorded signal for Rx1 alone

Figure 3.18 Recorded signal for Rx1 with Rx2 present and D = 3cm



53

Figure 3.19 Recorded signal for Rx1 with Rx2 present and D = 30cm

3.3.3 Virtual Array and Real Array Measurements

A virtual array can be measured by recording the received signal at different

points independently and using the recorded waveforms to construct the array. When

a system with multiple antennas is considered and the distance between the antennas

is small, coupling effects arise and the virtual array is no longer valid. In this case,

a model for the coupling effects must be added to the received data or a real array

must be measured. A real array is one in which the received signal at different points

is measured simultaneously. The objective of this measurement is to identify the dis-

tance between the receive antennas at which the coupling effects become recognizable

and a virtual array is invalid.

The experiment is performed at the Wireless Networking Systems Lab located

at Room CH-400. This site is an indoor environment and is shown in Figure 3.20.
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Figure 3.20 Wireless Networking Systems Lab environment in CH-400

In this experiment, one transmit antenna is located 6m away from two receive

antennas whose distance between them D, is varied from 5cm to 40cm in 5cm incre-

ments. Two different aproaches for this measurement are considered: (1) a virtual

array approach in which only one antenna is present and (2) a real array approach

in which both antennas are present and channels are measured simultaneously. Re-

sults for the real array and virtual array for the recorded signal from Tx1 to Rx1

at D = 5cm and D = 40cm are shown in Figure 3.21 and Figure 3.22 respectively.

Clearly, the received waveform for the virtual array is distorted compared to the

received waveform for the real array at small distances D. A system simulation ex-

periment is also performed using the recorded waveforms in this experiment. These

results are discussed in Chapter 5.
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Figure 3.21 Recorded signal from Tx1 to Rx1 for D = 6cm. (a) Virtual Array and
(b) Real Array

Figure 3.22 Recorded signal from Tx1 to Rx1 for D = 40cm. (a) Virtual Array
and (b) Real Array
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3.3.4 Single-user and Multi-user Measurements

Single-user and multi-user measurements are carried out on both indoor en-

vironments presented before: the Wireless Networking Systems Lab and the Office

environment. In both environments, measurements are performed at off-peak hours

to decrease noise from other sources. The distance between each transmitter and

receiver pair ranges between 2m and 10m. Since the best results for TiR are obtained

for a non-line-of-sight (NLOS) link and in this work UWB systems using TiR are

investigated, all experiments carried out use NLOS links.

The Wireless Networking System Lab is an L-shape room enclosed in a brick

wall and divided in two spaces as shown in Figure 3.23. The first space (left side)

measures 2.8m by 11.3m and transmitter antennas are positioned in this area in 4

locations (Tx1-Tx4) as shown in Figure 3.23. The second space (right side) measures

5.8m by 3.1m and receiver antennas are positioned at locations shown in Figure 3.23.

There are four locations (i.e. four users), each having two receiver antennas (Rx1 and

Rx2). The distance between the Rx1 and Rx2, D, is varied from 5cm to 40cm in 5cm

increments.

The Office environment is a space enclosed in a brick wall as shown in Figure

3.24. The room measures 9.3m by 11.3m and transmit and receive antennas are

positioned in this area as shown in Figure 3.24. The objective of this experiment is to

record and measure the channel for 2 locations at the transmitter (Tx1 and Tx2) and

25 locations for the receiver (25 users), in which each location consists of two receiver

antennas (Rx1 and Rx2). The distance between the Rx1 and Rx2, D, is varied from

3cm to 15cm in 3cm increments.
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Figure 3.23 Wireless Networking Systems Lab layout with antenna locations
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Figure 3.24 Office layout with antenna locations
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3.3.4.1 Lab measurement results. In this experiment there are four

locations for the transmitter (Tx1 to Tx4) and four locations (i.e. four users) for

receiver antennas Rx1 and Rx2. Transmit antennas are spaced 50cm apart and the

power delivered is the same for all measurements. Measurement results for signal

from Tx1 to Rx1 (h11(τ)) at receiver location 1 for D = 5cm and D = 40cm are

presented in Figure 3.25 and Figure 3.26 respectively. Figure 3.27 and Figure 3.28

show the recorded signals from Tx1 to Rx2 (h12(τ)) at receiver location 1 for D = 5cm

and D = 40cm respectively. The CLEAN algorithm was used to obtain the CIR and

results are presented in Figure 3.29 for h11(τ) at D = 5cm, in Figure 3.30 for h11(τ)

at D = 40cm, in Figure 3.31 for h12(τ) at D = 5cm, and in Figure 3.32 for h12(τ) at

D = 40cm.

3.3.4.2 Office measurement results. In this experiment there are two

locations for the transmitter (Tx1 and Tx2) and 25 locations for receive antennas

Rx1 and Rx2 as shown in Figure 3.24. Transmitters are 2m away from each other

and the power transmitted is the same for both Tx1 and Tx2 in all measurements.

The results for the recorded signal from Tx1 to Rx1 (h11(τ)) at user 1 for D = 3cm is

presented in Figure 3.33 and for D = 15cm in Figure 3.34. The measured waveform

from Tx1 to Rx2 (h12(τ)) at user 1 for for D = 3cm is presented in Figure 3.35 and for

D = 15cm in Figure 3.36. Furthermore, Figure 3.37 shows h21(τ) for D = 3cm and

Figure 3.38 shows h21(τ) for D = 15cm. Figure 3.39 shows h22(τ) for D = 3cm and

Figure 3.40 shows h22(τ) for D = 15cm. The recorded signals in all experiments are

used for simulations and to evaluate performance of an UWB communication system

using TiR. These simulation results are discussed in Chapter 5.
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Figure 3.25 Recorded signal from Tx1 to Rx1 at location 1 for D = 5cm

Figure 3.26 Recorded signal from Tx1 to Rx1 at location 1 for D = 40cm
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Figure 3.27 Recorded signal from Tx1 to Rx2 at location 1 for D = 5cm

Figure 3.28 Recorded signal from Tx1 to Rx2 at location 1 for D = 40cm
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Figure 3.29 CIR for recorded signal from Tx1 to Rx1 at location 1 for D = 5cm

Figure 3.30 CIR for recoded signal from Tx1 to Rx1 at location 1 for D = 40cm
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Figure 3.31 CIR for recorded signal from Tx1 to Rx2 at location 1 for D = 5cm

Figure 3.32 CIR for recorded signal from Tx1 to Rx2 at location 1 for D = 40cm
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Figure 3.33 Measured signal from Tx1 to Rx1 (h11) at user 1 for D = 3cm

Figure 3.34 Measured signal from Tx1 to Rx1 (h11) at user 1 for D = 15cm
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Figure 3.35 Measured signal from Tx1 to Rx2 (h12) at user 1 for D = 3cm

Figure 3.36 Measured signal from Tx1 to Rx2 (h12) at user 1 for D = 15cm
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Figure 3.37 Measured signal from Tx2 to Rx1 (h21) at user 1 for D = 3cm

Figure 3.38 Measured signal from Tx2 to Rx1 (h21) at user 1 for D = 15cm
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Figure 3.39 Measured signal from Tx2 to Rx2 (h22) at user 1 for D = 3cm

Figure 3.40 Measured signal from Tx2 to Rx2 (h22) at user 1 for D = 15cm



68

3.4 UWB Channel Modeling

Channel models are important for evaluating and designing wireless systems.

A detailed characterization of the UWB channel will permit the successful design of

UWB transceivers. There are two types of modeling for electromagnetic wave prop-

agation: deterministic modeling and statistical modeling. Deterministic modeling is

often used to predict coverage patterns in wireless systems when there is detailed

information about the environment [52]. Statistical modeling is useful when design-

ing communication systems that must work in a wide variety of environments and it

focuses on the relevant statistics of the received signal [52].

UWB channel modeling is different from narrowband channel modeling due to

the large bandwidth associated with UWB signals. A study of UWB channel modeling

based on frequency dependence and waveform distortion is presented in [51]. Work

performed on UWB channel modeling and its impact on receiver design can be found

in [39], [40], [45], and [44].

In [52], the effects of the UWB channel are divided into three categories: (1)

large-scale effects, (2) small-scale effects, and (3) undesired signals. Large-scale ef-

fects refer to the impact of the channel over large distances which include attenuation

effects. Small-scale effects refers to attenuation caused by small distances and dis-

tortion of the waveform at the receiver. Undesired signals include noise sources and

interference signals.
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3.4.1 Statistical Model

The small-scale channel is typically modeled as a time-varying linear filter.

The received signal is given by

r(t) =
∫ ∞
−∞

s(τ)h(t, τ)dτ + n(t) (3.10)

where s(t) is the transmitted signal, h(t, τ) is the time-varying channel impulse re-

sponse, and n(t) is additive white Gaussian noise. A channel model using a tap-delay

line approach was first proposed in [60], and is given by

h(t, τ) =
N(t)−1∑
k=0

βk(t)pk(t)δ(τ − τk(t)) (3.11)

where βk(t), pk(t), τk(t) are the time-varying amplitude, polarity and delay of the kth

path respectively, and N(t) is the number of multipath components. If the channel

is assumed to be static over an interval of interest, the time-invariant model can be

used and is given by

h(τ) =
N−1∑
k=0

βkpkδ(τ − τk) (3.12)

The amplitudes, delays, and polarities of the multipath components are also

referred to as multipath parameters and are statistically characterized. Other met-

rics for channel characterization are the mean excess delay, the rms delay spread,

and the maximum excess delay, which describe the time dispersive properties of the

channel [52].
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3.4.2 Saleh-Valenzuela Model

The Saleh-Valenzuela Model is introduced in [55], and is the most common

statistical model for the discrete indoor CIR. It was developed for NLOS channels

and is mathematically expressed by

h(t, τ) =
L∑
l=0

K∑
k=0

βk,lδ(t− Tl − τ − τk,l) (3.13)

where K is the number of clusters and L is the number of paths per cluster. The

cluster arrivals, as well as the path arrivals within a cluster, are described by a Poisson

process. The cluster and path inter-arrival times are described by exponential random

variables.

The amplitude of each path is assumed to have a Rayleigh distribution and

the polarity is assumed to be a binary random variable with equal probability. Re-

search has found that for UWB channels a log-normal of Nakagaim distribution is a

better assumption for the polarity and amplitude of the paths [52]. The model pro-

posed by IEEE 802.15 is derived from the Saleh-Valenzuela model using a log-normal

distribution for the amplitude of each path.

3.5 Summary

In this chapter UWB channel measurements and channel modeling were pre-

sented. It was shown that UWB channel measurements can be performed using a

TD or a FD approach. For this work, the TD measurement approach was chosen for

all experiments since in this work post-processing is done in the time domain. The

CLEAN algorithm was discussed as a time domain technique for obtaining the CIR
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from the recorded signals. A control system was developed and presented to obtain

efficient and reliable measurements of two channels simultaneously. Measurement re-

sults for two different indoor environments and one outdoor environment are shown

and explained. Finally, UWB channel modeling was presented.



CHAPTER 4

TIME-REVERSED UWB-MIMO

Effects like shadowing, fading, and multipath induce a high penalty on the

performance of modulation over wireless channels [15]. To overcome these effects,

diversity techniques can be used. Diversity can be divided in to two categories: (1)

microdiversity which are techniques that mitigate the effect of multipath fading, and

(2) macrodiversity which are techniques to mitigate the effects of shadowing from

buildings and objects. Antenna arrays are a type of diversity, also known as space

diversity, that result in an improvement of system performance.

Time-Reversal (TiR) is an adaptive modulation technique that uses a pre-

coder at the transmitter before sending the modulated data information intended

for a specific receiver. Recently, a great amount of work has been done on TiR

since it shows to be a promising technique. TiR is a transmitter-centric technology

which shifts the complexity of the system from the receiver to the transmitter. This

technology exploits the two features of the UWB channel (quasi static channel with

rich multipath) and uses the time-duplexing division (TDD) nature of the UWB

spectrum. Work on TiR for UWB can be found in [10], [27], and [25]. Dirty-paper-

coding can be used to further improve the performance of TiR [4].

This chapter introduces antenna arrays as a technique for space diversity in

UWB systems and TiR as a modulation technique to focus energy at the intended

receiver. It explains the theory behind this two concepts and is the basis to understand

the simulation results. It explains antenna array systems and discusses single-user

and multi-user TiR UWB-MIMO systems. It concludes with an explanation of power

allocation and simulations carried out in this work.

72
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4.1 Antenna Array Systems

The use of multiple transmit or receive antennas, also called antenna array,

is a method of diversity also known as space diversity. One of the major benefits of

space diversity is the achievement of independent paths in a wireless system that will

experience independent fading, multipath and shadowing [15].

There are several antenna array configurations:

1. Single-input single-output (SISO)

2. Single-input multiple-output (SIMO)

3. Multiple-input single-output (MISO)

4. Multiple-input multiple-output (MIMO)

For each configuration, single-input refers to one transmit antenna while multiple-

input refers to multiple transmit antennas (transmit diversity). In the same way,

single-output means one receive antenna and multiple-output means multiple receive

antennas (receive diversity). Figure 4.1 presents the four possible antenna array con-

figurations.

With receiver diversity, independent paths are obtained without the need to

increase the transmit power. Array gain and diversity gain are two types of perfor-

mance gain achieved by using this type of space diversity. Array gain results from

coherently combining the signals from multiple receive antennas. In the absence of

fading, the increase in SNR at the receiver is proportional to the number of receive an-

tennas. For example, if a wireless system consists of M receive antennas, the average

combined SNR is given by M times the SNR with a single receive antenna. For UWB

signals, fading is weak as opposed to narrowband signals. Therefore, the advantage

of using receive diversity is attractive. Diversity gain refers to the gain achieved by a
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(a) (b)

(c) (d)

Figure 4.1 Antenna array configurations: (a) SISO, (b) SIMO, (c) MISO, and (d)
MIMO configurations

better distribution of the average SNR which results in improvement of performance.

For MIMO systems, diversity gain is also referred to as beamforming [15].

In transmit diversity, the transmit signal power must be divided among the

multiple antennas. The use of TiR and transmit diversity increases the SNR at the

receiver which grows linearly with the number of transmit antennas, M . Transmit

diversity is desirable in systems where space, power and processing capabilities are

more available at the transmitter side than at the receiver side [15]. Thus, knowledge

of the channel gain at the transmitter is important to achieve transmit diversity.

For narrowband wireless systems, the separation between each antenna element

in the array has to be such that the fading amplitudes corresponding to each antenna

are approximately independent [15]. Moreover, when two antennas are two close

to each other, antenna coupling and channel spatial correlation effects degrade the

performance of the wireless system. For UWB signals, this problem has not yet

been adequately addressed. The purpose of this work is to investigate these coupling
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effects and performance degradation for UWB-MIMO wireless systems when receive

antennas are close to each other.

4.2 UWB-MIMO

Multiple-input multiple-output (MIMO) is being extensively investigated for

acoustics and wireless systems. Work on MIMO for acoustic systems can be found

in [66]. For wireless systems, it has been shown that MIMO is a good technique to

achieve high capacities [23] and is a good method to reduce the effect of multipath

fading [3]. Also, receive diversity has been used in mobile communications systems

to suppress or cancel interference as stated by Liu in [28].

MIMO uses transmit and receive diversity to increase the performance of the

system and can achieve high data rates through multiplexing. In multiplexing, the

structure of all the channel paths can be exploited to obtain independent signaling

paths for sending different data [15]. In narrowband systems, MIMO promises an

efficient way of using the spectrum. The cost and limitations of MIMO systems

include space and power requirements for extra antennas and complexity due to multi-

dimensional signal processing.

4.2.1 MIMO for a Single User System

A UWB-MIMO communication system with M transmit antennas and N re-

ceive antennas is shown in Figure 4.2. hmn(t) denotes the CIR relating the mth

element at the transmitter to the nth element at the receiver. If the pulse signal

am(t),m = 1, ..,M is sent from the transmit antenna array, the signal bn(t) at the
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Figure 4.2 MIMO system with M transmit antennas and N recieve antennas

receive antenna array can be expressed by [50]

bn(t) =
M∑
m=1

hmn(t)⊗ am(t), n = 1, .., N (4.1)

or in matrix form by

b(t) = H(t)⊗ a(t) (4.2)

where1 b(t) = [b1(t), b2(t), .., bN(t)]t, a(t) = [a1(t), a2(t), .., aM(t)]t, and H(t) is a

MxN matrix with elements hmn(t) given by

H(t) =



h11(t) h21(t) . . . hM1(t)

h12(t) h22(t) . . . hM2(t)

...
...

. . .
...

h1N(t) h2N(t) . . . hMN(t)


(4.3)

1The notation ⊗ represents element-by-element convolution and the superscript t is the transpose
of a vector or a matrix
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The UWB channel has the characteristic of spatial reciprocity [47]. If a signal

cm(t),m = 1, ..,M is sent from the receive array the signal dn(t), n = 1, .., N obtained

at the transmit array is given by2

d(t) = H†(t)⊗ c(t) (4.4)

Thus, the forward propagation of impulses from the transmit array to the receive

array can be calculated by using H(t), while the backward propagation from the

receive array to the transmit array can be computed using H†(t). The normalized

correlation between the CIRs of the forward and backward links is as high as 0.98 as

experimentally confirmed in [47].

4.2.2 MIMO for Multi-users

A multi-user system with multiple antennas at both the transmitter and the

receiver result in diversity gain that improves the system performance. The bit-error-

probability (BER) is a good metric to evaluate performance of a communication

system [15]. Also, multiple antennas can provide directivity gain which spatially

separates users and reduces interference. Multiplexing gain can also be exploited and

results in an increase of capacity as explained in Section 4.2.

UWB-MIMO capacity is being studied due to the many promising applications

of UWB-MIMO systems. Moreover, multi-user diversity can be achieved by allocating

resources to users with the best channels. A major challenge for UWB-MIMO multi-

user systems is the development of signaling techniques that can exploit performance

2Where † is the Hermitian (conjugate transpose)
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gains in practical operating environments without high complexity on transceiver

design.

4.3 Time-Reversal

Time Reversal (TiR) has been widely researched in acoustics and has lead to

interesting applications in underwater communications and ultra-sound. Investiga-

tions on TiR in acoustics can be found in [12] and the use of multiple array elements

in TiR acoustics is addressed in [20].

The idea of extending TiR to wireless communications has been considered due

to the simplicity and performance advantages of applying TiR to a communication

link. Investigations of TiR in wireless communications can be found in [67, 1, 58,

25, 36]. It has been found that TiR can reduce ISI significantly without the need

of a complex equalizer at the receiver since it achieves temporal compression of the

effective channel as will be explained later on. Spatial focusing is also exploited

in TiR with antenna diversity, which suggest the advantages to use a UWB-MIMO

system. TiR performance has been evaluated in [35, 27]. In this work is extended to

UWB-MIMO multi-users.

In a TiR communication system, the intended receiver sounds the channel by

transmitting a pilot pulse to the transmitter. The transmitter records, time-reverses,

and uses the signal to pre-coder the data to be transmitted. The pre-coder at the

transmitter can be specified as the time-reversed replica of the recorded signal or the

time-reversed replica of the CIR extracted from the recorded signal. The CIR replica

requires extra signal processing and, as explained in the results shown in Chapter

5, does not perform as well as when the time-reversed replica of the received signal

is used as the pre-coder. In either case, the energy will be focused on the intended
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receiver in time and space, and therefore, the effective delay spread of the channel is

greatly reduced. To characterize the amount of temporal focusing, the temporal peak

to total energy ratio can be evaluated and is defined as [2]

gTR =
Ehh
P

Ehh
T

(4.5)

where Ehh
P is the energy in the main peak of the received signal and Ehh

T is the

total energy in the received signal. Good temporal compression would result in a

high temporal peak to total energy ratio. TiR can be viewed as a match filter process

which allows the design of less complex receivers without a big penalty in performance

degradation.

TiR is strong when there is a rich scattering medium as in the UWB channel.

Temporal and spatial focusing hardens the effective channel at the point of interest

which makes TiR a robust technique to achieve performance improvement. TiR can

be further exploited by adding transmit diversity (beamforming). The received signal

contains the waveforms from each transmit antenna which are coherently combined

at the receiver and result in a select spatial focused signal. Furthermore, MIMO

requires knowledge of the channel at the transmitter and receiver which makes TiR

an advantage for delivering diversity gain.

Figure 4.3 presents a block diagram of a TiR system when the pre-coder con-

sists of the time-reversed replica of the CIR. The mathematical formulation of the

received signal at the intended receiver in a SISO link can be described by

r(t) = s(t)⊗ hmn(−t)⊗ hmn(t) = s(t)⊗Rauto
mn (t) (4.6)

where r(t) is the received signal at the intended receiver, hmn(t) is the CIR of the



80

UWB channel between the mth transmit antenna and the nth receive antenna, s(t) is

the transmitted symbol, and Rauto
mn (t) represents the autocorrelation of the CIR. The

received signal at another point (off-target) can be expressed by

r(t) = s(t)⊗ hmn(−t)⊗ hmk(t) = s(t)⊗Rcross
mnk (t) (4.7)

where hmk(t) is the CIR of the UWB channel between the mth transmit antenna and

the kth off-target point, and Rcross
mnk (t) is the cross-correlation of hmn(t) and hmk(t).

Figure 4.4 shows the signal at the intended receiver if no TiR is used, while

Figure 4.5 presents the received signal when the TiR pre-coder is used for the trans-

mitted signal. It can be observed that TiR achieves time compression at the intended

receiver. The received signal at an off-target point located 40cm away is also presented

in Figure 4.5 which shows spatial focusing of the signal at the intended receiver.

4.3.1 TiR based UWB-MISO

In MISO, the received signal at the intended receiver will be the sum of the

received signals from all multiple transmit antennas. The signal, under ideal con-

ditions, is then the sum of all autocorrelations which are coherently added in the

time and space domains resulting in a time-focused and space-focused signal at the

TiR pre-coder

Figure 4.3 Block diagram for a TiR communication system
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Figure 4.4 Received signal without TiR pre-coder

(a) (b)

Figure 4.5 Received waveform when TiR pre-coder is used: (a) signal at the
intended receiver, and (b) signal at an off-target point
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intended receiver. Spatial focusing reduces interference from other users and time

compression alleviates ISI. These two mechanisms are achieved simultaneously at the

intended receiver location.

In a UWB-MISO multi-user system with M transmit antennas, the received

signal at the nth user can be expressed as

rn(t) = sn(t)⊗
M∑
m=1

Rauto
mn (t) +

M∑
m=1

Nu∑
k=1,k 6=n

sk(t)⊗Rcross
mnk (t) + nn(t) (4.8)

where Nu is the number of users (or receivers). Figure 4.6 shows the received wave-

forms in a UWB-MISO system with four transmit antennas. At the receiver, the

signals are coherently combined and the resulted waveform is presented in Figure 4.7.

To evaluate time compression, the temporal peak to total energy ratio was evaluated.

A ratio of 0.3 was obtained for a MISO system compared to 0.1 in a SISO system.

4.3.2 TiR based UWB-MIMO for a Single User

TiR can be further exploited with the use of UWB-MIMO. The received sig-

nal represents an extension of TiR UWB-MISO where now each user has N receive

antennas. The mathematical expression for the received signal at the intended user

can then be expressed as [50]

r(t) = s(t)⊗
M∑
m=1

N∑
n=1

hmn(−t)⊗ hmn(t)

+ s(t)⊗
M∑
m=1


 N∑
n=1,k 6=n

hmn(−t)

⊗
 N∑
k=1,k 6=n

hmk(t)

+ n(t) (4.9)

where the first term represents the signal given by the convolution of the sent data

and the autocorrelation of the CIR, the second term represents the inter-channel
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(a) (b)

(c) (d)

Figure 4.6 Waveforms from each transmit antenna at the intended receiver in a
time-reversed UWB-MISO system: (a) from Tx1, (b) from Tx2, (c) from Tx3, and

(d) from Tx4

interference, and nn(t) is white gaussian noise. In matrix form, it follows that [50]

r(t) = s(t)⊗
[
H(−t)⊗Ht(t)

]
MxM

+ n(t) (4.10)

where t represents the transpose of a matrix, ⊗ is element-to-element convolution,

and the channel matrix H(t) of MxN contains real elements hmn(t), m = 1, 2, ..,M

and n = 1, 2, .., N as shown in Equation 4.3. The vector s(t) = [s1(t), s2(t), .., sM(t)]t

contains the transmitted data, the received signals correspond to the vector r(t) =

[r1(t), r2(t), .., rN(t)]t, and n(t) = [n1(t), n2(t), .., nN(t)]t is the white gaussian noise

vector. The rank of the channel matrix in Equation 4.10 determines the number
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Figure 4.7 Total received signal after adding all waveforms from transmitters at
the intended receiver in a time-reversed UWB-MISO system

of parallel channels (the number of spatial degrees of freedom). Figure 4.8 presents

the received signal in a single-user TiR UWB-MIMO with two receive antennas after

coherently combinging the signals from each antenna. The received signal has a 3dB

gain compared with the received signal for a TiR UWB-MISO system.

4.3.3 TiR based UWB-MIMO for Multi-users

In a UWB-MIMO multi-user system, the received signal does not only ex-

perience inter-channel interference, but co-channel interference as well. Co-channel

interference arises from data that is intended for other users and degrades the perfor-

mance of the system. The evaluation of BER and the signal-to-interference-plus-noise

power ratio (SINR) in a communication system reflects the co-channel interference

which can be stronger and more destructive than inter-channel interference.
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Figure 4.8 Received signal in a single-user TiR UWB-MIMO with two receive
antennas after coherently combinging the signals from each antenna

The mathematical expression for the received waveform in a UWB-MIMO

multi-user system is an extension of the UWB-MIMO single-user given in Equa-

tion 4.9. If a communication system with M transmit antennas, Ni receive antennas

for user i, and Nu total number of users is considered, the received waveform at the

intended user i can be expressed as

ri(t) = si(t)⊗
M∑
m=1

Ni∑
n=1

hmn(−t)⊗ hmn(t)

+ si(t)⊗
M∑
m=1


 Ni∑
n=1,k 6=n

hmn(−t)

⊗
 Ni∑
k=1,k 6=n

hmk(t)


+

Nu∑
j=1,j 6=i

sj(t)⊗
M∑
m=1

 Nj∑
kj=1

Ni∑
ni=1

hmkj(−t)⊗ hmni(t)

+ ni(t) (4.11)

where the first term represents the intended signal for user i = 1, 2, .., Nu, the sec-

ond term represents the inter-channel interference, the third term represents the



86

co-channel interference, and ni(t) is white gaussian noise at user i. For the co-channel

interference, kj is the kth antenna of the jth user and ni is the nth antenna of the ith

user. In matrix form, it follows from Equation 4.10 that

ri(t) = si(t)⊗
[
Hi(−t)⊗Ht

i(t)
]
MxM

+ ni(t), i = 1, 2, .., Nu (4.12)

Time-reversed UWB-MIMO increases the performance of a system compared

to other antenna array configurations like MISO as discussed in Chapter 5. Figure 4.9

presents a diagram of a multi-user UWB-MIMO system. It can also be noted that TiR

can fully exploit the rich scattering of the UWB channel in a NLOS link. Figure 4.10

shows the effect of the received signal when there is 4 users in a TiR UWB-MIMO

system.

User i=1

User i=Nu

CHANNEL
Tx

Figure 4.9 A multi-user UWB-MIMO communication system
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(a) (b)

Figure 4.10 Effect of increasing the number of users in a TiR UWB-MIMO
system: (a) Received signal at the intended receiver in a 1-user system, (b) Received

signal at the intended receiver in a 4-user system

4.3.4 Power Allocation for TiR UWB with Transmit Diversity

The use of multiple antennas at the transmitter (transmit diversity) requires

power allocation for each of the antenna elements. Several power allocation schemes

have been investigated and proposed in the literature. In [24], three solutions for al-

location of power are considered: (1) simple time reversal, (2) equal power allocation,

and (3) optimal power allocation. The equal power allocation scheme is applied in

this work since it is considered for systems where the transmitted power is constrained

and should be kept constant. It also allows to adjust the power at each transmitter

antenna without the knowledge of other CIRs. For each antenna, the power allocation

is given by

AEPm =
1

√
M
√∑N

n=1 ‖hmn(t)‖2
(4.13)

where AEPm is the scaling factor for the mth transmit antenna (pre-coder), M is the

total number of transmit antennas, N is the total number of receive antennas, hmn(t)
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is the CIR between the mth transmit antenna and the nth transmit antenna, and ‖•‖2

denotes the Frobenius norm given by

‖•‖2 =
∫ ∞
−∞
|•|2 dτ (4.14)

4.4 Simulations

The objective of this work is to investigate and evaluate the performance of a

Time-Reversed UWB-MIMO wireless communication system. The theory behind TiR

and UWB-MIMO has been explained in Section 4.3 and Section 4.2. It is important

to note the significant role of the antennas on the performance of the system. Antenna

coupling and channel spatial correlation were introduced in Chapter 3 as two coupling

effects when two antennas are close to each other. In UWB-MIMO, the distance

between the antenna elements, at either the transmitter or receiver, is reduced when

a system with limited space is considered. For narrowband signals, the distance

between the elements should be far enough for the channel paths to be independent.

For UWB signals, this issue has not been well addressed yet and it is the scope of

this work.

Furthermore, TiR improves the performance of UWB systems, alleviates ISI,

reduces interference, and allows the design and implementation of less complex re-

ceivers. The improvements when using TiR can be degraded if coupling effects arise.

The robustness of TiR is then to be tested during the simulations of this work as well

as the advantages of UWB-MIMO over UWB-MISO. The UWB-channel information

was measured as explained in Chapter 3. Experiments were performed in several loca-

tions and in all measurements the distance between the receive antennas was varied.

The recorded signals were used to carry out simulations in an AWGN channel.
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At the transmitter, A-PAM modulation and TiR pre-coder are used. A-PAM

modulation was explained in Section 2.4.1, and in all simulations each symbol con-

sists of one bit (i.e. Es = Eb). For the TiR pre-coder in the first simulations, two

approaches are considered: the time-reversed replica of the CIR and the time-reversed

replica of the recorded signal. Since the second option improves the performance of

the system, in the final simulations the time-reversed replica of the recorded signal is

used as the TiR pre-coder. Also, equal power allocation is used in all simulations due

to the need of delivering a constant power from each transmit antenna and a total

power of 1 from all transmit antennas.

At the receiver front end, AWGN noise with zero mean and power spectral

density of No/2 is added. Two receive antennas separated by distance D are con-

sidered for UWB-SIMO and UWB-MIMO systems, and SNR is measured at each

antenna. No ISI is considered since the scope of this work is to explain performance

degradation due to coupling effects. The signal is considered a real base-band sig-

nal and perfect synchronization is assumed. The simulations are performed for all

distances considered when measuring the channel. The receiver design consists of a

coherent combiner, when the system has receive diversity, a threshold detector whith

an integrator, which focuses on the signal peak, and a decision block in which the

threshold value is set to zero (i.e. if greater than zero the detected bit is ’1’ and if less

than zero the detected bit is ’0’). Figure 4.11 presents the simulation block diagram

of the system.

Two performance metrics are considered to evaluate the performance of the

system, SINR and BER. SINR can be defined as

SINR =
Pr

N0B + PI
(4.15)
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Figure 4.11 Block diagram for simulations

where Pr is the power of the intended signal, N0B is the noise power determined by

the bandwidth of the transmitted signal and the spectral properties of the noise, and

PI is the average power of the interference.

The interference signal I(t) received at the intended user for a UWB-MISO

system is given by the second term of Equation 4.8, for a single-user UWB-MIMO

system by the second term in Equation 4.9, and for a multi-user UWB-MIMO system

by the second and third terms of Equation 4.11. PI can then be computed as

PI =

∫ Tb
0 I2(t)dt

Tb
(4.16)

where Tb is the duration of the received waveform.

To obtain the BER, Monte Carlo Simulation is used. MC simulation is a

widely used technique to study performance in communication systems. It randomly

generates values for data bits and uses probability statistics to evaluate BER in a

system. Each data bit is sent through the channel and received. The received bit is

compared to the actual sent bit and errors are detected. Dividing the total number

of errors by the number of total sent bits will give a solution for the BER value for

a particular SNR. The minimum target BER in this work is 10−4, thus the number

of data bits per simulation should be at least 10 times the inverse of the minimum
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target BER to be estimated (105 in this work). BER is evaluated as a function of

Eb/No which relates to SNR as

SNR =
Eb

NoBTb
(4.17)

where Eb is the energy per bit, NoB is the noise power within the bandwidth 2B, and

Tb is the bit period time. Eb/No is sometimes called the SNR per bit [15].

To verify that simulations are correct, a correlator receiver is used. The cor-

relator is set to the time-reversed replica of the received waveform (match filter) to

obtain optimum performance. The resulted BER curve is expected to perform as the

theoretical BER curve for A-PAM in an AWGN channel presented in Section 2.5.1.

The obtained BER curve as a function of Eb/No is presented in Figure 4.12. The

theoretical BER curve for A-PAM in an AWGN channel is plotted as well to compare

and show the validity of the simulations in this work. For all further results, this

theoretical AWGN performance is plotted as a lower bound.

Eb/No [dB]

Figure 4.12 Comparison between theoretical BER curve for A-PAM and resulted
BER curve when using a correlator receiver (match filter) in simulation
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4.5 Summary

This chapter discussed the theory behind the simulations in this work. The

concepts of MIMO and TiR were presented and explained. MIMO was first devel-

oped in acoustics and is now being extended to wireless communications. It shows to

be a promising technology in both narrowband and UWB systems. Antenna arrays

schemes were presented, and specifically, UWB-MIMO was discussed. The features

of TiR were also shown and mathematical expressions were presented for several sys-

tems including UWB-MISO, single-user UWB-MIMO and multi-user UWB-MIMO.

Finally, power allocation and an explanation of the simulations in this thesis, as well

as their validity, was presented.



CHAPTER 5

RESULTS

This chapter presents the results for all simulation experiments performed in

a time-reversed UWB-MIMO communication system. The motivation to use TiR

and UWB-MIMO has been discussed in previous chapters, as well as their theory

and background. MC simulation is employed to evaluate the performance of the

system and the CIR was obtained via the CLEAN algorithm when needed. MATLAB

software is used to obtain all results discussed in this chapter. An analysis of coupling

effects is first presented, followed by a discussion of using a virtual array when the

distance between the antenna elements is small. BER and SINR results for single-

user TiR UWB-MIMO system are shown and compared to UWB-MISO. Finally, it

addresses a multi-user TiR UWB-MIMO and UWB-MISO systems.

5.1 Analysis of coupling effects

In previous chapters, coupling effects were described as two major issues that

arise when two antennas are located close to each other. To understand the influence

of these effects on a communication system, two LOS experiments were performed in

which the distance between the transmitter and receiver is small (1m). The objective

is to compare two cases: the received waveform at the targeted antenna when it is the

only one present in the system (case 1) , and the received waveform at the targeted

antenna with the presence of another receive antenna (case 2). It is evident that

the received waveform in case 1 does not have coupling effects while the waveform

in case 2 is affected by coupling effects. In the measurement experiment explained

in Section 3.3.2, the distance D between the targeted receive antenna and the added

93
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receive antenna was varied from 3cm to 15cm and waveforms were recorded for each

case. To get insight on the influence of the coupling effects, the cross-correlation

between the received signal in case 1 and the received signal in case 2 is computed

and compared to the autocorrelation of the received waveform in case 1.

Furthermore, the distance between transmit and receive antennas is small and

thus the channel has low effects on the received waveform. It then follows that the

received waveform without coupling effects (case 1) can be expressed as

y1(t) = ha(t)⊗ p(t) (5.1)

where ha(t) is the antenna impulse response, and p(t) is the sent pulse. With the

addition of another receive antenna (case 2), the received signal can be expressed as

y2(t) = ha(t)⊗ p(t) + hc(t)⊗ p(t) (5.2)

where hc(t) is the coupling impulse response.

The coupling impulse response can then be obtained by subtracting Equa-

tion 5.2 from Equation 5.1 as follows

y2(t)− y1(t) = ha(t)⊗ p(t) + hc(t)⊗ p(t)− ha(t)⊗ p(t) = hc(t)⊗ p(t) (5.3)

For the outdoor measurement, Figure 5.1 presents the received waveform for

case 1 (y1(t)) and its autocorrelation. The received signal for case 2 (y2(t)) at different

distances D, the solution to hc(t) ⊗ p(t) for each case, and the comparison between

the cross-correlation (of y2(t) and y1(t)) and autocorrelation (of y1(t)), are presented

in Figure 5.3 for D = 3cm, in Figure 5.4 for D = 6cm, in Figure 5.5 for D = 9cm,
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Figure 5.1 Case 1 for outdoor measurements: (a) Received waveform y1(t), (b)
Autocorrelation of y1(t)

in Figure 5.6 for D = 12cm, in Figure 5.7 for D = 15cm, and in Figure 5.8 for

D = 30cm.

Figure 5.2 shows the normalized value of the cross-correlation peak for several

distances D. At D = 15cm the cross-correlation peak is high and less coupling effects

can be observed after this point which can also be noted in Figure 5.7 and Figure 5.8.

Furthermore, for D = 3cm the cross-correlation peak is low and coupling effects are

high as shown in Figure 5.3.

The same simulation experiment was performed on an indoor environment as

explained in the measurement results in Section 3.3.2. The received waveform for y1(t)

and its autocorrelation are shown in Figure 5.9. For y2(t), the received waveform, the

solution to hc(t) ⊗ p(t), and the comparison between the cross-correlation (of y2(t)
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Figure 5.2 Normalized cross-correlation peak for several distances D in outdoor
measurements

and y1(t)) and autocorrelation (of y1(t)) are presented in Figure 5.10 for D = 3cm, in

Figure 5.11 for D = 6cm, in Figure 5.12 for D = 9cm, in Figure 5.13 for D = 12cm,

in Figure 5.14 for D = 15cm, and in Figure 5.15 for D = 30cm. Figure 5.16 presents

the normalized value of the cross-correlation peak for several distances D. After

D = 15cm the peak is high and coupling effects are not strong. Furthermore, the

greater the distance D between the antennas, the less the impulse response of coupling

effects and after D = 30cm these effects can be neglected.
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Figure 5.3 Case 2 at D = 3cm for outdoor measurements: (a) Received waveform
y1(t), (b) hc(t)⊗ p(t), and (c) Comparison of cross-correlation (y2(t) and y1(t)) and

autocorrelation (y1(t))
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Figure 5.4 Case 2 at D = 6cm for outdoor measurements: (a) Received waveform
y1(t), (b) hc(t)⊗ p(t), and (c) Comparison of cross-correlation (y2(t) and y1(t)) and

autocorrelation (y1(t))
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Figure 5.5 Case 2 at D = 9cm for outdoor measurements: (a) Received waveform
y1(t), (b) hc(t)⊗ p(t), and (c) Comparison of cross-correlation (y2(t) and y1(t)) and

autocorrelation (y1(t))
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Figure 5.6 Case 2 at D = 12cm for outdoor measurements: (a) Received waveform
y1(t), (b) hc(t)⊗ p(t), and (c) Comparison of cross-correlation (y2(t) and y1(t)) and

autocorrelation (y1(t))
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Figure 5.7 Case 2 at D = 15cm for outdoor measurements: (a) Received waveform
y1(t), (b) hc(t)⊗ p(t), and (c) Comparison of cross-correlation (y2(t) and y1(t)) and

autocorrelation (y1(t))
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Figure 5.8 Case 2 at D = 30cm for outdoor measurements: (a) Received waveform
y1(t), (b) hc(t)⊗ p(t), and (c) Comparison of cross-correlation (y2(t) and y1(t)) and

autocorrelation (y1(t))
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Figure 5.9 Case 1 for indoor measurements: (a) Received waveform y1(t), (b)
Autocorrelation of y1(t)
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Figure 5.10 Case 2 at D = 3cm for indoor measurements: (a) Received waveform
y1(t), (b) hc(t)⊗ p(t), and (c) Comparison of cross-correlation (y2(t) and y1(t)) and

autocorrelation (y1(t))
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Figure 5.11 Case 2 at D = 6cm for indoor measurements: (a) Received waveform
y1(t), (b) hc(t)⊗ p(t), and (c) Comparison of cross-correlation (y2(t) and y1(t)) and

autocorrelation (y1(t))
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Figure 5.12 Case 2 at D = 9cm for indoor measurements: (a) Received waveform
y1(t), (b) hc(t)⊗ p(t), and (c) Comparison of cross-correlation (y2(t) and y1(t)) and

autocorrelation (y1(t))
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Figure 5.13 Case 2 at D = 12cm for indoor measurements: (a) Received waveform
y1(t), (b) hc(t)⊗ p(t), and (c) Comparison of cross-correlation (y2(t) and y1(t)) and

autocorrelation (y1(t))
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Figure 5.14 Case 2 at D = 15cm for indoor measurements: (a) Received waveform
y1(t), (b) hc(t)⊗ p(t), and (c) Comparison of cross-correlation (y2(t) and y1(t)) and

autocorrelation (y1(t))
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Figure 5.15 Case 2 at D = 30cm for indoor measurements: (a) Received waveform
y1(t), (b) hc(t)⊗ p(t), and (c) Comparison of cross-correlation (y2(t) and y1(t)) and

autocorrelation (y1(t))
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Figure 5.16 Normalized cross-correlation peak for several distances D in indoor
measurements

5.2 Virtual Array and Real Array Results

Results in Section 5.1 indicate that a virtual array model when the distance

between antennas is smaller than D = 15cm is not realistic. In Section 3.3.3, it

was shown that the received waveform for a small distance, D, between two receive

antennas is greatly distorted compared to the case when only one receive antenna is

present. Therefore, a simulation experiment is performed in which the performance

of a UWB-SIMO communication system is evaluated for both the virtual and real

array measurements. The objective of this simulation is to identify the distance D at

which the virtual array does not hold true.

In this system the transmitter and receiver designs explained in Section 4.4

are considered. The time-reversed replica of the received waveform is used as the TiR
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Figure 5.17 BER for the real array at several distances D

pre-coder. MC simulation is performed to obtain BER and evaluate performance of

the UWB-SIMO system. Figure 5.17 presents the real array results and Figure 5.18

shows the virtual array results for several distances D. Clearly there is a difference

between the BER curves, and thus, the two measurements. To gather more insight,

the BER for the virtual and the real array for D = 35cm is presented in Figure 5.19,

for D = 25cm in Figure 5.20, for D = 15cm in Figure 5.21, and for D = 10cm in

Figure 5.22. These plots indicate that using a virtual array when D = 10cm will have

a performance error of more than 3dB for a BER of 10−3. A performance error of

1dB to 2dB is observed when D ranges between 15cm and 25cm for a BER of 10−3.

Furthermore, using a virtual array gives the same performance as measuring a real

array when D = 35cm.
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Figure 5.18 BER for the virtual array at several distances D

Eb/No [dB]

Figure 5.19 BER for the virtual and real arrays at distances D = 35cm
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Figure 5.20 BER for the virtual and real arrays at distances D = 25cm

Eb/No [dB]

Figure 5.21 BER for the virtual and real arrays at distances D = 15cm
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Figure 5.22 BER for the virtual and real arrays at distances D = 10cm

5.3 UWB-MIMO single-user

UWB-MIMO considers transmit and receive diversity. Section 3.3.4 presented

two measurement experiments for a UWB single-user channel. The two sites consid-

ered for these measurements are the Wireless Networking Systems Lab and the Office

environment. The recorded signals are used for the simulation of a time-reversed

single-user UWB-MIMO system in which the performance is evaluated. The trans-

mitter and receiver designs in the system were presented in Section 4.4 and the metrics

used are the BER, computed using MC simulation, and the SINR. Two antennas are

considered for the receiver where the distance between them D, was varied during

channel measurements. The objective of these simulations is to evaluate and discuss

the performance of a single-user TiR UWB-MIMO system when D decreases.
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5.3.1 Results for the Wireless Networking Systems Lab

Two approaches can be used to determine the TiR pre-coder at the transmitter

as explained in Section 4.3. The first approach uses the time-reversed replica of the

CIR while the second approach uses the time-reversed replica of the recorded signal.

In this simulation, performance of a single-user TiR UWB-MIMO system is evaluated,

and the two pre-coder approaches are compared. For this site, four antennas at the

transmitter and two antennas at the receiver (user) are considered. The BER as a

function of Eb/No for several distances D is presented in Figure 5.23 for the first pre-

coder approach and in Figure 5.24 for the second pre-coder approach. These results

suggest that setting the TiR pre-coder to the time-reversed replica of the recorded

signal increases the performance of the system for all values of D. This gives a match

filter at the transmitter side that is matched to the composite receive signal.

Figure 5.23 BER performance of a single-user TiR UWB-MIMO system for several
D when the CIR is used on the TiR pre-coder
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Figure 5.24 BER performance of a single-user TiR UWB-MIMO system for several
D when the recorded signal is used on the TiR pre-coder

Furthermore, there is an improvement of performance when the distance D

between the two receive antennas is 5cm. For a BER of 10−3 an improvement of

2.5dB is observed when D is decreased from 40cm to 5cm for the first pre-coder

approach, while an improvement of 3.5dB is noted for the second pre-coder approach.

In both cases, D = 30cm and D = 35cm gives the worst performance.

To get insight of the interference in each case, Figure 5.25 presents SINR as

a function of SNR for several distances D when the first pre-coder approach is used,

while Figure 5.26 presents the case when the second pre-coder approach is used. In

both cases, an improvement of 5dB in SINR is observed when SNR is 15dB and

D = is varied from 5cm to 40cm. Although SINR is 5dB less for D = 5cm than

D = 40cm, the BER performance increases when using a small distance between the

receive antennas which suggests the interference is constructive.
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Figure 5.25 SINR as a function of SNR for a single-user TiR UWB-MIMO system
when the CIR is used on the TiR pre-coder

Figure 5.26 SINR as a function of SNR for a single-user TiR UWB-MIMO system
when the recorded signal is used on the TiR pre-coder
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5.3.2 Results for the Office Environment

In this site, measurements were performed and signals were recorded for two

antennas at the transmitter and two antennas for the receiver (user). The purpose

of this simulation is to find D at which the performance of the system is best, and

to compare with a single-user TiR UWB-MISO system. The TiR pre-coder is set to

the time-reversed replica of the recorded signal since it was shown in Section 5.3.1

that it performs better than the other approach. Power allocation was considered

as explained in Section 4.3.4. Figure 5.27 presents the BER as a function of Eb/No

for several distances D between the receive antennas. The best performance of the

system is achieved at D = 3cm with an improvement of 2dB compared to the case

when D = 15cm for a BER of 10−3. Furthermore, the overall performance of UWB-

MIMO is better than for UWB-MISO in all cases. For D = 3cm, the performance of

UWB-MIMO at a BER of 10−3 has more than a 3dB improvement over UWB-MISO.

Figure 5.28 presents SINR as a function of SNR for several D. For a SNR of 15dB, an

improvement of 5dB when D is varied from 15cm to 3cm is observed. These results

are consistent with the results discussed in Section 5.3.1.

5.4 Multi-user UWB-MIMO Network

The multi-user TiR UWB-MIMO network consists of several users each having

two receive antennas. The distance between the receive antennas was varied when

measuring the channel as explained in Section 3.3.4. The performance of the system

is evaluated at the intended user when the number of users increases. The transmit-

ter consists of four transmit antennas and power allocation is used as explained in

Section 4.3.4. Transmitter and receiver designs are as considered in Section 4.4 and
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Figure 5.27 BER as a function of Eb/No for a single-user TiR UWB-MIMO system
for several D

data is sent to all users simultaneously (i.e. a multiple access scenario). The metrics

to evaluate the performance of the system are the BER and the SINR.

5.4.1 Results for Wireless Networking Systems Lab

The objective of this simulation experiment is to study multi-user interference

by incrementing the number of users in a network. A multi-user TiR UWB-MIMO

network is considered where each user (receiver) has two receive antennas which

distance D between them, is varied as explained in the measurement results for the

Wireless Networking Systems Lab in Section 3.3.4. The transmitter consists of four

transmit antennas with power allocation as explained in Section 4.3.4. The number

of users varies from 1 to 4 as shown in the lab layout presented in Figure 3.23, and

D is varied from 5cm to 40cm in 5cm increments. The BER as a function of Eb/No

for a TiR UWB-MIMO network with up to 4 users is presented in Figure 5.29 when
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Figure 5.28 SINR as a function of SNR for a single-user TiR UWB-MIMO system
for several D

D = 5cm, in Figure 5.30 when D = 10cm, in Figure 5.31 when D = 15cm, in

Figure 5.32 when D = 20cm, in Figure 5.33 when D = 25cm, in Figure 5.34 when

D = 30cm, in Figure 5.35 when D = 35cm, and in Figure 5.36 when D = 40cm.

It can be observed that the best performance is achieved when D = 5cm for all

networks. For systems with up to 3 users, the BER performance is very similar, and

for the 4-user network the performance is poor in all cases. D = 25cm yields the worst

performance for all systems with a 5dB degradation for the 4-user network compared

with other networks at a BER of 10−2.

For a 4-user TiR UWB-MIMO network, the BER as a function of Eb/No for

several D is shown in Figure 5.37. It can be observed that the best performance is

given when D = 5cm, followed by D = 10cm and D = 15cm. The worst performance

is obtained when D = 25cm. SINR as a function of SNR for several number of users

is presented in Figure 5.38 when D = 10cm, in Figure 5.39 when D = 20cm, in
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Figure 5.29 BER as a function of Eb/No for a TiR UWB-MIMO system at
D = 5cm for several number of users

Figure 5.40 when D = 30cm, and in Figure 5.41 when D = 40cm. A 1 user system

achieves the best SINR as expected. A 2-user and 3-user networks perform similar

with a difference of 2dB when D = 20cm for a SNR of 15dB, and a difference of

approximately 1dB when D is greater than 25cm at a SNR of 15dB. For all plots, the

4-user network has the lowest SINR. Figure 5.42 shows SINR as a function of SNR

for several distances D in a 4-users TiR UWB-MIMO network, and Figure 5.43 for a

3-users TiR UWB-MIMO network. In the 4-user case, a 2dB difference between the

best and worst SINR at a SNR of 15dB is observed and suggest that the interference

is similar for all D. The same conclusion can be obtained from the 3-user network

with the difference that SINR is higher at a SNR of 15dB which is expected since less

users contribute interference.
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Figure 5.30 BER as a function of Eb/No for a TiR UWB-MIMO system at
D = 10cm for several number of users

Figure 5.31 BER as a function of Eb/No for a TiR UWB-MIMO system at
D = 15cm for several number of users
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Figure 5.32 BER as a function of Eb/No for a TiR UWB-MIMO system at
D = 20cm for several number of users

Figure 5.33 BER as a function of Eb/No for a TiR UWB-MIMO system at
D = 25cm for several number of users
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Figure 5.34 BER as a function of Eb/No for a TiR UWB-MIMO system at
D = 30cm for several number of users

Figure 5.35 BER as a function of Eb/No for a TiR UWB-MIMO system at
D = 35cm for several number of users



125

Figure 5.36 BER as a function of Eb/No for a TiR UWB-MIMO system at
D = 40cm for several number of users

Eb/No [dB]

Figure 5.37 BER as a function of Eb/No for a TiR UWB-MIMO system with 4
users for several D
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Figure 5.38 SINR as a function of SNR for a TiR UWB-MIMO system with
D = 10cm for several number of users

Figure 5.39 SINR as a function of SNR for a TiR UWB-MIMO system with
D = 20cm for several number of users
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Figure 5.40 SINR as a function of SNR for a TiR UWB-MIMO system with
D = 30cm for several number of users

Figure 5.41 SINR as a function of SNR for a TiR UWB-MIMO system with
D = 40cm for several number of users



128

Figure 5.42 SINR as a function of SNR for a TiR UWB-MIMO system with 4
users for several D

Figure 5.43 SINR as a function of SNR for a TiR UWB-MIMO system with 3
users for several D
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5.4.2 Results for the Office Environment

The objective of this simulation experiment is to analyze the performance of

a multi-user TiR UWB-MIMO network when the number of users increase from 1

to 25. Each user (receiver) has two receive antennas which distance between them

D, is varied as explained in the measurement results for the Office environment in

Section 3.3.4. The transmitter consists of two transmit antennas with power allocation

as explained in Section 4.3.4. The number of users varies from 1 to 25 as presented in

the office layout in Figure 3.24, and D is varied from 3cm to 15cm in 3cm increments.

The BER as a function of Eb/No for a TiR UWB-MIMO network with up to 25

users is presented in Figure 5.44 when D = 15cm, in Figure 5.45 when D = 12cm,

in Figure 5.46 when D = 9cm, in Figure 5.47 when D = 6cm, and in Figure 5.48

when D = 3cm. When the distance between the receive antennas is 3cm, the system

has the best performance. Also, performance for more than 10 users in the system

gives a degradation of approximately 5dB at a BER of 10−2 when D = 3cm. When

D = 15cm, BER reaches a floor of 10−1 at an Eb/No of 15dB. In all cases, the system

with up to 10 users yields a very similar BER performance. BER as a function of

Eb/No for a TiR UWB-MIMO network with 5 users for several D is presented in

Figure 5.49, for 10 users in Figure 5.50, for 15 users in Figure 5.51 and for 25 users in

Figure 5.52. For the networks with 5 and 10 users, the best performance is achieved

when D = 6cm and the worst performance when D = 15cm with a 2dB difference

for a BER of 2x10−3. For 15 and 25 users, the worst performance is obtained when

D = 15cm and the best performance when D = 6cm for an Eb/No of 15dB.
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Figure 5.44 BER as a function of Eb/No for a TiR UWB-MIMO system at
D = 15cm for several number of users

Eb/No [dB]

Figure 5.45 BER as a function of Eb/No for a TiR UWB-MIMO system at
D = 12cm for several number of users
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Figure 5.46 BER as a function of Eb/No for a TiR UWB-MIMO system at
D = 9cm for several number of users

Eb/No [dB]

Figure 5.47 BER as a function of Eb/No for a TiR UWB-MIMO system at
D = 6cm for several number of users
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Figure 5.48 BER as a function of Eb/No for a TiR UWB-MIMO system at
D = 3cm for several number of users

Eb/No [dB]

Figure 5.49 BER as a function of Eb/No for a TiR UWB-MIMO system with 5
users for several D
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Figure 5.50 BER as a function of Eb/No for a TiR UWB-MIMO system with 10
users for several D

Eb/No [dB]

Figure 5.51 BER as a function of Eb/No for a TiR UWB-MIMO system with 15
users for several D
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Figure 5.52 BER as a function of Eb/No for a TiR UWB-MIMO system with 25
users for several D

SINR is plotted as a function of SNR for the TiR UWB-MIMO network for

several number of users when D = 3cm in Figure 5.53, when D = 3cm in Figure 5.53,

when D = 9cm in Figure 5.54, and when D = 15cm in Figure 5.55. As expected,

the SINR decreases when the number of users increase for all D. The interference is

similar for all D when more than 1 user is present in the network. To gather more

information, the SINR as a function of SNR for several D in a TiR UWB-MIMO

network with 5 users is presented in Figure 5.56, with 15 users in Figure 5.57, and

with 25 users in Figure 5.58. For all cases, at D = 3cm the lowest SINR is observed

and at D = 15cm the highest SINR is achieved. For a 25-user network, the SINR is

very low compared with 15-user and 10-user networks.
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Figure 5.53 SINR as a function of SNR for a TiR UWB-MIMO system with
D = 3cm for several number of users

Figure 5.54 SINR as a function of SNR for a TiR UWB-MIMO system with
D = 9cm for several number of users
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Figure 5.55 SINR as a function of SNR for a TiR UWB-MIMO system with
D = 15cm for several number of users

Figure 5.56 SINR as a function of SNR for a TiR UWB-MIMO system with 5
users for several D
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Figure 5.57 SINR as a function of SNR for a TiR UWB-MIMO system with 15
users for several D

Figure 5.58 SINR as a function of SNR for a TiR UWB-MIMO system with 25
users for several D
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5.4.3 Comparison with UWB-MISO Multi-user

A multi-user TiR UWB-MISO network is evaluated to compare with the results

shown previously. Figure 5.59 presents the BER performance of up to 25 users in the

network as a function of Eb/No. The overall performance of the TiR UWB-MIMO

network is better than the overall performance of the TiR UWB-MISO network. For

a 25-user network, the BER performance reaches a floor of 0.2 at an Eb/No of 7dB.

Due to inter-user interference, methods like zero-forcing precoding must be used to

separate the signal from this type of interference [64]. Aditionally, it is clear that

receive diversity yields a better performance even when the number of users is small.

Figure 5.59 BER as a function of Eb/No in a TiR UWB-MISO system for several
number of users



139

5.5 Summary

In this chapter, the results of simulation experiments were presented and dis-

cussed. It analyzed antenna mutual coupling and channel spatial correlation effects

on the performance of TiR UWB systems. It presented an analysis of coupling ef-

fects on antennas that are located close to each other. Results show that at smaller

distances between two receive antennas, coupling effects are present and can impact

the performance of the system. The results show that measuring a virtual array

when two antenna elements are located less than 30 cm apart would yield an error

in the system performance and if located less than 10cm apart the virtual array does

not yield an accurate measurement. A single-user TiR UWB-MIMO system was ad-

dressed where two pre-coder approaches were compared. Results show that by using

the time-reversed replica of the recorded signal as the TiR pre-coder the system has

an increase in performance. A multi-user TiR UWB-MIMO system was investigated

and compared with a multi-user TiR UWB-MISO system. Results yield a better

performance of using MIMO over MISO. Furthermore, an analysis of the how close

two receive antennas should be on a TiR UWB-MIMO system was performed. Re-

sults show that although there is an increase in SINR when the distance between the

antennas is small, the BER performance increases.



CHAPTER 6

CONCLUSIONS AND FUTURE WORK

This thesis investigates TiR UWB-MIMO for single-user and multi-user sys-

tems. The measurement and simulation experiments in this work analyzes spacing

between the receive antennas in the system. Coupling effects are investigated when

the distance between the receive antennas is small. To evaluate performance, the

BER and SINR metrics are used. This chapter summarizes the main measurement

and simulation results explained in Chapter 3 and 5. It also states the potential

future work derived from this research.

6.1 Conclusions

This report first studied coupling effects without the influence of the channel

on a UWB wireless communication system. It was observed that at small distances

between two receive antennas, the waveform experiences distortion and coupling ef-

fects. The computation of the cross-correlation between the unaffected signal and the

affected signal shows this at distances smaller than 15cm. Additionally, the coupling

impulse response for a small distance (i.e. D = 3cm) between the receive antennas is

noticeable and can affect the performance of the system. For distances greater than

30cm, this effect is very small, and therefore, can be neglected.

The analysis of a virtual array is also investigated in this work. A real array

and a virtual array were measured and the recorded signals are compared. This

comparison shows that for close spaced antennas, there are substantial differences

on the obtained waveforms. The performance of a TiR UWB-SIMO system with

two receive antennas is evaluated in both the real array and the virtual array. It is

140
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shown that the BER performance is very similar for distances (between the receive

antennas) greater than 30cm. For distances between 15cm and 30cm a 1dB error in

BER performance is observed, and for D=10cm or less an error of more than 3dB is

found. There results suggests that measuring a virtual array when distances between

antennas is smaller than 30cm can yield errors and either a method of compensation

must be used or a real array must be measured.

TiR UWB-MIMO is studied by evaluating performance for single-user and

multi-user systems. It was presented that TiR, UWB, and MIMO technologies com-

bined, results in a potential system which promises many advantages and applications.

TiR is shown to be a robust technique to focus the signal in time and space at the

intended receiver. Results show that the best pre-coder approach consists of using the

time-reversed replica of the recorded signal when the receiver sends a pulse to sound

the channel. The advantage of using UWB-MIMO over UWB-MISO is demonstrated

with an improvement of 2dB when the distance between the receive antennas (when

using MIMO) is 15cm, and an improvement of 4dB when distance is 3cm for up to 10

users. When transmitting to 10 users simultaneously in the system, it is found that

the interference is high and BER performance is poor, thus, multiple access schemes

must be considered. For the Wireless Networking Systems Lab, the worst perfor-

mance for a 4-user TiR UWB-MIMO system is given when the distance D between

the receive antennas is 25cm, and the best performance when it is 5cm. SINR drops

9dB when D=20cm and the number of users increase from 1 to 4 at a SNR of 15dB.

For the Office environment, the best BER performance is given at D=3cm. SINR is

low for a system with more than 10 simultaneous users and it ranges between -9dB

and-7dB for a SNR of 15dB. Therefore, interference is significant to achieve a good

performance. Even though the interference is more severe at smaller distances (i.e.
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D=3cm), the best BER performance in all simulations were obtained at the smallest

distances. This indicates that inter-channel interference is not a destructive interfer-

ence and improves the overall BER of a system. Additionally, co-channel interference

is destructive and results in worst BER performance of a multi-user system.

6.2 Future Work

This research presents an investigation of single-user and multi-user TiR UWB-

MIMO, and an initial study of antenna spacing in UWB systems with receive diversity.

Therefore, several aspects may be studied. First, omni-directional antennas are used

in the measurement experiments conducted in this work, thus, other types of UWB

antennas could be considered. Additionally, the indoor environments are office like

and other more hostile environments can be considered.

The addition of other performance metrics could be included in this particular

study, but because of time and scope, they were not analyzed. This metrics include

capacity analysis, outage probability (when fading is considered), and inter-symbol

interference. Additionally, other modulation techniques and receiver designs could be

considered. To alleviate interference, multiple access schemes like time division mul-

tiple access (TDMA) or code division multiple access (CDMA) may be investigated.

Finally, research on multi-user UWB-MIMO with other pre-coding technologies, like

dirty-paper coding and zero-forcing coding, can be conducted.

Especially, a chirp UWB system [46] needs further investigation in the frame-

work of time reversal MIMO for range extension and anti-jamming. A chirp UWB

can be viewed as a combination of direct spreading (DS) and frequency hopping (FH)

spread spectrum (SS).
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The testbed is the final answer to many technical questions. The Wireless

Networking System Laboratory at Tennessee Technological University (TTU) 1 has

been working in this direction for the last several years. The first generation (1G)

UWB testbed has been finished. The 1G system is based on the concept of impulse

radio. The transceiver uses the energy-detection [18] [50] [17]. The second generation

(2G) system uses time reversal that is the topic of this report.

1http://iweb.tntech.edu/rqiu/index.htm
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